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“From Nature’s chain, whatever link you strike,  







sites	 and	 areas	 of	 high	 ecosystem	 services	 provision.	 On	 one	 hand,	 the	 governments	 of	
Colombia,	Ecuador	and	Peru	have	been	increasingly	developing	and	exploiting	oil	and	gas,	and	
mining	 resources	 due	 to	 the	 high	 revenues	 and	 important	 contribution	 to	 their	 national	
economies.	On	the	other,	conservation	priorities	at	regional‐	and	global‐scale	recognise	the	






complexities	 of	 the	 diverse	 combination	 of	 variables.	 Datasets	 of	mining	 for	minerals	 and	
precious	 metals	 concessions,	 as	 well	 as	 oil	 and	 gas	 concessions	 are	 confronted	 with	
biodiversity	 and	 ecosystem	 services	 parameters,	 in	 order	 to	 obtain	 an	 appropriate	
understanding	of	current	impacts	extent	and	their	implications.	Around	three	quarters	of	the	
Amazon	in	Ecuador	and	Peru	is	covered	by	oil	and	gas	concessions,	whilst	mining	concessions	
are	predominant	 in	 the	Andes	 slopes.	These	extractive	 concessions	overlap	with	protected	
areas	and	conservation	priority	sites.	Some	areas	of	pristine	rainforest	in	Peru	(Pacaya	Samiria	






ways:	 a)	 to	 evaluate	 different	 strategies	 for	 conservation	 prioritisation,	 and	 b)	 to	 create	
potential	but	realistic	scenarios	of	future	extractive	development	in	the	region.	Conservation	













harm	to	relatively	 less	people.	Nevertheless,	 the	pristine	rainforests	 that	would	be	affected	
hold	 immense	 value	 of	 globally‐	 (e.g.	 carbon)	 and	 locally‐relevant	 (e.g.	 water	 provision)	
ecosystem	 services	 and	 constitute	 the	 habitat	 of	 unique	 high	 levels	 of	 biodiversity.	
Furthermore,	 the	 spatial	 results	 show	 how	 potential	 residuals	 of	 all	 modelled	 extractive	
operations	 could	 cause	 off‐site	 impacts	 that	 travel	 far	 downstream	 the	 waterways	 even	
crossing	international	borders.	
Management	 options	 for	 extractive	 development	 should	 try	 to	 find	 a	 middle	 ground	 that	
recognises	 the	 topmost	 priority	 areas	 for	 conservation	 as	 no‐go	 zones	 for	 extraction,	 but	
leaves	 other	 areas	 of	 comparatively	 less	 importance	 to	 be	 developed	 under	 strict	
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The Impacts of the Extractives on 
Biodiversity, Ecosystem Services and 
Conservation Prioritisation:   
Management Options  
in the Andes and Western Amazon 
Introduction 
	





This	 thesis	 is	 the	 result	 of	 the	 research	 on	 the	 impacts	 of	 extractive	 industries	 on	 the	
ecosystems	 services,	 biodiversity	 and	 their	 implications	 on	 conservation	 priorities	 of	 the	
Western	Amazon.	By	‘extractives’,	I	include	the	historical	and	major	extractive	industries	in	the	
region,	namely	oil	and	gas,	as	well	as	mining	for	minerals	and	precious	metals.	This	chapter	
starts	with	a	brief	 introduction	 to	 the	 topic;	 then	 identifies	 the	 research	problem,	aim,	and	
objectives	of	the	thesis;	and	ends	with	a	short	description	of	the	following	chapters	in	order	to	
show	the	sequential	structure	and	to	place	them	together	as	a	whole.		
1.2 WHY IS THE WESTERN AMAZON RELEVANT? 
Extractive	industries,	in	particular	mining	for	minerals,	precious	metals,	and	oil	and	gas,	have	
expanded	 all	 around	 the	 world,	 over	 land	 and	 sea,	 with	 serious	 risks	 for	 biodiversity	
conservation,	ecosystem	services	preservation	and	affecting	indigenous	and	rural	populations’	























on	 the	 type	of	benefit	 they	provide	 (MA,	2003;	TEEB,	2013).	Furthermore,	an	ecosystem	 is	
defined	as	a	 functional	unit	 formed	by	the	living	organisms	and	the	environment	that	hosts	
them	 (MA,	 2003).	The	 ecosystems	 in	 the	Western	Amazon	are	providing	 services	 at	 global	
scale,	 in	 terms	of	carbon	storage	and	sequestration,	as	well	as	 local	benefits,	 such	as	water	














agreements	and	bidding	rounds	 for	new	oil	 concessions	are	 in	course	 in	 the	area	(Deloitte,	
2014).	 The	main	 components	 of	 this	 projected	 development	 that	would	 impact	 ecosystem	
services	and	biodiversity,	are	road	systems	and	pipeline	networks	set	up	by	 the	 industries.		
These	“oil	roads”	become	conduits	for	other	forms	of	forest	exploitation	and	eventual	land	use	








1.3 RESEARCH PROBLEM 
An	assessment	of	the	past	and	current	situation	of	the	impacts	of	extractives	in	the	Andes	and	
Western	 Amazon	 is	 urgent.	 An	 evaluation	 of	 different	 approaches	 to	 conservation	
prioritisation	 considering	 the	 location	 of	 ecosystem	 services,	 biodiversity	 and	 potential	
extractive	 activities	 can	 provide	 better	 answers	 on	 the	 importance	 of	 these	 areas	 both	
regionally	and	globally	and	on	the	threats	upon	them	that	are	associated	with	extractives.		In	
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Mapping	the	current	extractive	activities	and	infrastructure	in	the	Western	Amazon	is	a	first	
step	towards	establishing	the	extent	and	nature	of	the	impacts.	It	is	then	essential	to	define,	
map	 and	 compare	 the	 main	 ecosystem	 services	 that	 the	 area	 holds	 and	 whom	 their	
beneficiaries	 are.	 The	 use	 of	 modelling	 tools	 at	 this	 regional	 scale	 provides	 the	 necessary	
framework,	understanding	model	as	a	computer	representation	of	the	state	and	behaviour	of	
a	system	(e.g.	conservation	and	development	associated	with	oil	and	gas).	These	tools	allow	to	
establish	a	baseline	of	 the	 current	 situation;	 and	 then	develop	 scenarios	 as	possible	 future	
conditions	under	given	assumptions;	ultimately	identifying	areas	that	should	be	prioritised	for	








overlook	 their	 operation.	 Considering	 the	 importance	 of	 ecosystem	 services	 provision,	 the	
uniqueness	of	their	biodiversity,	and	at	the	same	time	the	financial	resources	generated	by	the	
extractives,	 a	 balance	 between	 conservation	 and	 development	 is	 a	 challenge.	 It	 becomes	
imperative	 to	 bring	 science	 into	 action	 and	 complete	 thorough	 research	 to	 evaluate	wiser	
options.	
Even	 though	 there	 are	 several	 reports	 on	 localised	 contamination	 sites	 from	 extractives	
(Buccina	et	al.	2013;	Orta‐Martinez	&	Finer,	2010),	and	some	research	has	been	done	in	the	oil	
and	gas	projects	in	the	Western	Amazon	(Finer	et	al.,	2008),	there	is	a	lack	of	research	on	the	
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for	 the	 Andes	 and	Western	 Amazon,	 by	 determining	 a	 current	 baseline	 and	 future	
development	scenarios	at	the	regional	and	local	scales.		 
















of	 conservation	 prioritisation	 is	 discussed,	 followed	 by	 the	main	 approaches	 to	 define	 and	
classify	ecosystem	services	globally	and	within	the	boundaries	of	this	study.		
1.5.2 CHAPTER 3 MULTICRITERIA GIS ANALYSIS AND GEO-
VISUALISATION OF THE OVERLAP OF OIL IMPACTS AND 
ECOSYSTEM SERVICES IN THE WESTERN AMAZON 
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1.5.3 CHAPTER 4 EVALUATING DIFFERENT STRATEGIES FOR 
CONSERVATION PRIORITISATION IN THE WESTERN AMAZON 
This	 chapter	 is	 presented	 as	 a	 research	 work	 that	 evaluates	 a	 range	 of	 strategies	 for	








tile	 scale	 and	 used	 for	 conservation	 prioritisation	 research.	 The	 strategies	 	 evaluated	 here	
include	i)	a	prioritisation	of	threatened	biodiversity,	within	oil	concessions;	ii)	an	emphasis	on	
ecosystem	 services	 of	 global	 and	 local	 importance;	 and	 iii)	 an	 examination	 of	 areas	 under	
human	pressure,	thus	where	conservation	efforts	are	more	urgent.	The	results	are	compared	
and	evaluated	in	order	to	identify	areas	that	are	repetitively	important	in	all	strategies.	
1.5.4 CHAPTER 5 ANALYSING REGIONAL SIGNIFICANCE FOR WATER 
QUALITY OF EXTRACTIVES IN THE ANDES AND WESTERN 
AMAZON 
In	 this	 chapter,	 the	 research	 is	 aimed	 to	 examine	 the	 impacts	 of	 extractives	 in	 the	 eastern	
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of	 the	 Consultative	 Group	 on	 International	 Agricultural	 Research,	 CGIAR.	 	 Even	more,	 the	
application	and	analysis	 carried	out	were	pioneering	 for	 this	area	and	 for	 the	stakeholders	
involved	 in	 the	 process.	 I	 examined	 and	 determined	 the	 baseline	 impacts	 of	 extractives	
(mining,	oil	and	gas)	under	current	conditions	 in	the	Andes	and	Western	Amazon	and	then	




studies	 (i.e.	 the	Coello,	 in	 the	mountainous	Andes;	 and	 the	Tiputini,	 in	 the	 lowlands	 of	 the	
Amazon).	



















an	 exploration	of	 ecosystem	services	 globally	 and	 regionally	 relevant	 in	 the	 area,	 and	 then	
discusses	 the	 current	 conservation	priorities	 that	 are	 considered	 and	 the	 role	 of	 protected	




2.2 THE WESTERN AMAZON AND ANDES 
The	area	geographically	defined	by	the	Western	Amazon	Basin	includes	areas	of	Venezuela,	
Colombia,	 Ecuador,	 Peru,	 Bolivia	 and	 Brazil.	 It	 has	 been	 recognised	 as	 one	 of	 the	 largest	
Literature Review 
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people	 are	directly	dependent	 on	 the	 resources	 and	 ecosystem	 services	 the	Andes	provide	
(CONDESAN,	2012).	The	Andes	and	Western	Amazon	(Figure	2‐1)	are	a	source	of	many	natural	































parts	 of	 the	 country	 (the	 Magdalena	 basin	 and	 the	 Llanos	 area,	 Fig.	 2‐1),	 and	 despite	 of	
Colombia’s	current	oil	reserves	(2.2	billion	bbl)	being	four	times	smaller	than	Ecuador’s	(8.2	
billion	bbl),	 its	 infrastructure	allows	 for	higher	crude	oil	production	(CIA,	2014;	The	World	
Bank,	2014).	Proved	oil	reserves	in	Peru	are	comparatively	the	smallest	at	0.58	billion	barrels	
of	oil.	Conversely,	figures	of	current	oil	extraction,	place	Colombia	as	the	fourth	top	producer	
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The	 national	 oil	 company	 in	 Colombia,	 ECOPETROL,	 manages	 the	 vast	 pipeline	 system	
(approximately	9000	Km	long)	divided	in	six	main	networks	that	cover	most	of	the	country.	
Close	 to	 the	 south	 border	 of	 Colombia,	 there	 is	 a	 pipeline	 connected	with	 the	 Ecuadorian	
system	in	the	Putumayo	region	(ECOPETROL,	2010).	The	current	pipeline	system	is	likely	to	
grow	towards	the	currently	less	explored	areas	in	the	Colombian	Amazon,	now	available	for	




to	 the	Pacific	Coast,	 for	export	and	also	provides	 for	national	demand,	mainly	 in	 the	highly	
populated	 capital,	 Lima	 (PERUPETRO,	 2010).	 A	 report	 of	 the	 NGO	 (non‐governmental	
organisation)	Survival	sent	to	the	UN	(United	Nations)	claims	that	the	new	200	Km	oil	pipeline	






and	Texaco	had	 an	 exclusive	 concession	 to	 operate	 in	 this	part	 of	Ecuador.	The	main	 road	
quickly	promoted	a	fish‐bone	pattern	of	deforestation	(Figure2‐4).	The	government	originally	
encouraged	 the	 deforestation	 of	 primary	 forest	 and	 nowadays	 the	 areas	 are	 considered	
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The	 third	 road	 that	 exists	 in	 the	 Ecuadorian	 Amazon	 is	 located	 furthest	 east	 and	 its	
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is	in	charge	of	developing	this	oil	field	(PetroAmazonas,	2008).	Meanwhile,	forest	degradation	
and	deforestation	have	already	been	observed	near	the	road.	(Oxford	et	al.,	2012)	
Similar	 conditions	 have	 been	 identified	 in	 the	 oil‐developed	 areas	 of	 North‐Eastern	 Peru,	
where	there	have	been	oil	activities	for	over	four	decades.	The	road	system	has	been	equally	
destructive	 for	 the	animal	 and	plant	populations,	 by	 “opening	up”	previously	 remote	 areas	
enabling	 easy	 access	 for	 colonisation,	 unsustainable	hunting,	 and	 illegal	 logging	 (Finer	 and	
Orta‐Martínez.,	2010).	These	oil	roads	were	thought	to	be	of	help	 for	the	communication	of	
indigenous	communities	that	ancestrally	live	in	the	area	(Orta‐Martínez	et	al.,	2007);	but	they	
have	 rather	 brought	 severe	 health	 impacts	 due	 to	 increasing	 pollution	 from	 the	 extractive	




In	 contrast,	 road	 networks	 in	 the	 Colombian	 Amazon	 area	 of	 Colombia	 have	 been	 fairly	
undeveloped,	thus	keeping	the	rainforest	under	certain	protection.	This	was	a	consequence	of	
much	 of	 the	 area	 being	 under	 guerrilla	 control	 for	 the	 last	 three	 decades,	 and	 oil	 and	 gas	















from	 outside	 the	 habitat	 (Buechner.,	 1987).	 Studies	 focusing	 on	 edge	 effects	 have	 found	
impacts	 on	 reptile	 distribution	 (Tanner	 and	Perry.,	 2007),	 great	 apes	 (UNEP,	 2002),	 forest	
birds	(Gates	and	Gysel.,	1978;	Wilcove.,	1985)	and	a	rise	 in	 tree	mortality	due	to	 increased	
windshear	 forces	which	 alters	 the	 forest	 composition	 and	 structure	 (Laurence	 et	 al.	 1997;	
Laurence	 et	 al.,	 2000).	 For	 example,	within	 the	 Ecuadorian	Amazon,	 oil	 roads	 stretch	 over	






Figure	 2‐5	 Deforestation	 along	 the	 road	 edge	 in	 the	 oil	 fields	 of	
Shushufindi,	Ecuador	(aerophoto,	IGM,	1976) 
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of	 1,500	m	 in	 several	 directions	 in	 the	 horizontal	 plane	 (Repsol	 2014),	 thus	 reaching	 the	
deposits	through	multiple	points	and	maximising	the	returns	and	profits,	whilst	minimising	
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Figure	2‐7	Density	of	directional	oil	wells	(0.1	wells/Km2)	
from	 preliminary	 study	 in	 the	 Iro	 field,	
Ecuador 
Furthermore,	 newer	 techniques	 as	 the	Extended	Reach	Drilling,	 ERD,	 allow	 to	 cover	 larger	
areas	of	an	oil	field	from	a	single	central	drilling	facility.	These	type	of	directional	wells	reach	
a	horizontal	distance	double	the	size	of	their	vertical	depth	(Finer	et	al.,	2013),	which	would	
make	 and	 horizontal	 reach	 of	 around	 8,000	m	 (Powers,	 2012).	 ERD	 helps	 even	 further	 to	
minimise	the	impacts	and	requires	less	linear	infrastructures	(i.e.	roads	and	pipelines)	to	be	




2.5 OIL IN THE AMAZON 
The	oil	boom	for	Ecuador	started	in	the	1970s,	when	major	oil	reserves	were	discovered	in	the	
Eastern	side	of	the	Andes,	in	areas	of	rainforest,	otherwise	thought	to	be	of	no	economic	value.	
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Laurance	 et	 al.,	 2009;	 Laurance	 et	 al.,	 2002).	 These	 developments,	 originated	 with	 the	 oil	
incursion	 into	 the	 Ecuadorian	 Amazon,	 were	 particularly	 damaging	 because	 of	 the	 lack	 of	
consideration	 of	 additional	 factors	 such	 as	 potential	 impacts	 on	 ecosystem	 services,	
conservation	 of	 biodiversity,	 presence	 of	 protected	 areas,	 and	 observance	 to	 indigenous	
territories.	 










oil	 concessions	 were	 designed,	 there	 was	 little	 coordination	 with	 the	 environmental	












protected	 areas	 and	 indigenous	 territories	 (IBC	 in	 Finer	
and	Orta‐Martinez,	2010)	 
2.5.2 HYDROCARBON EXTRACTION POLICY AND OIL COMPANIES IN 
ECUADOR 
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Ecuador,	the	Mines	Code	was	the	law	guiding	the	extraction	of	natural	resources	from	1903	
until	1972,	when	the	Hydrocarbons	Law	(Ley	de	Hidrocarburos)	was	passed	in	Congress	and	
created	 the	 national	 oil	 company	 CEPE	 (Corporación	 Estatal	 Petrolera	 Ecuatoriana)	 that	
operated	as	a	consortium	with	the	private	company	Texaco	Gulf	(now	Chevron	Texaco)	from	
the	 United	 States	 (Lucero,	 1997).	 CEPE	 became	 a	 large	 bureaucratic	 body	 and	 due	 to	









into	 the	waters	 of	 the	Ecuadorian	Amazon	 to	date,	most	 of	 them	known	 to	be	 carcinogens	
(Amazon	 Watch,	 2009).	 Additionally, an	 estimated	 900	 open‐air	 pits	 were	 dug,	 with	 no	
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apply	the	same	level	of	environmental	regulation	that	they	are	required	to	apply	in	their	home	
countries.	 





2001).	The	 lawsuit	went	 through	different	stages	of	dismissal	and	appeal.	 	 In	1998,	Texaco	
signed	a	settlement	agreement	with	 the	Ecuadorian	authorities,	 for	their	partial	and	poorly	





10%	 of	 the	 oil	 pit	 sites.	 Finally,	 after	 18	 years	 of	 litigation,	 Chevron	 was	 fined	 a	 total	 of	
USD18bn,	which	is	the	second	largest	corporate	fine	ever	applied,	only	surpassed	by	the	most	




2.3.3 OIL INSTITUTIONS 
The	2010	Hydrocarbons	Law	of	Ecuador,	passed	by	the	recently	formed	National	Assembly,	
changes	the	oil	situation	by	giving	the	Ecuadorian	Government	a	greater	share	of	the	profits	
and	 more	 control	 over	 contracts	 with	 foreign	 companies,	 since	 these	 companies	 are	 now	
considered	 as	 service	 providers	 for	 the	 State.	 At	 the	 same	 time,	 the	 government	 has	more	
Literature Review 
	














2.6 THE YASUNI-ITT INITIATIVE TO STOP OIL DEVELOPMENT 








half	 the	opportunity‐cost	of	extracting	 that	oil	 (Figure	2‐9).	The	appeal	was	directed	 to	 the	
International	 Community	 as	 part	 of	 inter‐governmental	 agreements	 associated	 with	 the	
UNFCCC	 (United	 Nations	 Framework	 Convention	 on	 Climate	 Change).	 Even	 more,	 the	
Literature Review 
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Figure	 2‐9	 Yasuni	 National	 Park	 and	 the	 overlaying	 oil	 and	 gas	 concessions,	
distinguishing	Block	31	and	ITT	concessions		
The	 Yasuni‐ITT	 initiative	was	 dismantled	 on	 the	 15th	 August	 2013	 by	 Ecuador’s	 President	
Rafael	Correa	(EIA,	2014b).	The	government	stated	that	this	was	due	to	unsuccessful	efforts	to	
raise	international	contributions,	of	half	the	market	value	of	the	850	million	barrels	of	oil	in	the	























a	 spatio‐temporal	 modelling	 tool	 in	 order	 to	 properly	 estimate	 the	 potential	 benefits	 and	
impacts	could	be	and	determine	the	trade‐offs	of	each	scenario.		Hence,	a	baseline	scenario	of	
the	 current	 situation	 is	 needed	 to	 start	 this	 analysis,	 beginning	 with	 the	 current	 linear	
infrastructures	(i.e.	roads,	pipelines)	in	the	Western	Amazon	(Finer	et	al.,	2008;	Laurance	et	al.,	
2009).	 They	 have	 caused,	 and	 still	 are	 causing,	 an	 impact	 on	 the	 environment	 and	 thus	
ecosystem	services	provision,	in	the	form	of	changes	in	forest	cover	(Sierra,	2000);	affecting	
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concessions	will	add	on	to	the	previous	impacts.	This	change	(i.e.	delta)	is	the	key	to	measure	
the	 actual	 impact	 of	 oil	 and	 gas	 future	 developments.	 Furthermore,	 recommended	 best	




collective	 impact	 of	 multiple	 point	 or	 linear	 developments	 (Goosem,	 2004).	 Since	 oil	
infrastructures	usually	cover	long	distances	of	pipelines	and	a	network	of	wells,	it	is	important	
to	assess	them	in	a	regional	context,	so	that	all	the	collective	impacts	of	development	are	taken	









areas	 and	some	 indigenous	 territories	 (PERUPETRO,	2010;	Orta‐Martínez	and	Finer,	 2010)	
Moreover,	projects	are	underway	 for	a	 three	decade	contract	 to	construct	and	operate	 two	
additional	 major	 pipelines	 in	 Southern	 Peru,	 that	 will	 fragment	 important	 areas	 of	
conservation	(Republica,	2010;	Gurmendi,	2004).	Currently,	Ecuador’s	ITT	oil	reserves	are	set	
to	be	developed,	now	that	the	Yasuni‐ITT	initiative	was	dismissed,	together	with	the	adjacent	
blocks	 to	 make	 the	 project	 feasible	 and	 more	 profitable	 (Araujo,	 2014).	 Even	 more,	 the	
currently	open	bid	round	XI	for	new	33	oil	concessions	in	southeastern	Ecuador	will	connect	
in	 the	 near	 future	 the	North‐Peruvian	 oil	 pipeline	with	 the	 Ecuadorian	 projected	 pipelines	
Literature Review 
	
 Chapter 2 49




2.8 MINING OF PRECIOUS METALS  




mainly	 concentrated	 in	 the	mountainous	 areas	 of	 the	 Andes,	 and	 to	 a	 lesser	 extent	 in	 the	
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sites	 in	 Brazil	 (Negro	 River	 and	 Madeira	 River),	 and	 Peru	 (Madre	 de	 Dios	 and	 Puerto	
Maldonado)	 the	 bio‐accumulation	 of	 mercury	 within	 entire	 communities	 living	 on	 the	
riverbanks	and,	hence	dependent	on	 fishing	as	 a	 food	source	have	been	 found	 to	be	above	
maximum	 levels	 as	 established	 by	 the	 World	 Health	 Organisation	 (Swenson	 et	 al.,	 2011,	
Barbosa	 et	 al.,	 2001,	Malm,	 1998).	 These	 dangerous	 levels	 pose	 a	 significant	 threat	 to	 the	
environment	and	health	of	nearby	inhabitants.	Even	though	trace	elements	such	as	mercury,	
occur	naturally	in	the	environment,	high	levels	and	prolonged	exposure	have	been	proven	to	
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current	prices	of	1300	USD/oz.,	as	established	by	the	World	Gold	Council,	(WGC,	2014b)–	there		
has	been	an	artisanal	and	often	illegal		gold	rush	over	the	last	three	decades(Ashe,	2012).	This	











the	 environment,	 but	 they	 are	 not	 free	 from	 hazardous	 residuals	 (Hilson	 and	Monhemius,	
2006).	For	industrial	mining,	technical	processes	using	cyanide	leaching	have	been	in	use	for	







2.9 IMPACTS OF EXTRACTIVES ON THE ENVIRONMENT AND 
SOCIAL CONFLICTS 
The	 social	 conflicts	 and	 environmental	 concerns	 in	 both	 these	 extractive	 industries	 are	
Literature Review 
	





due	 to	 increased	access	 to	 remote	 locations	and	new	bilateral	and	multilateral	 cooperation	
agreements	(Deloitte	2014).	In	fact,	truncated	accessibility	to	some	of	these	areas	has	been	of	
positive	 effect	 towards	 their	 conservation.	 At	 the	 same	 time,	 being	 physically	 far	 from	 the	
central	 government	offices	where	decisions	are	made,	has	 left	 them	 isolated	 from	carefully	
controlled	development.	Many	of	these	rural	areas	lack	basic	services	and	people’s	means	of	
subsistence	depend,	even	if	it	is	unknowingly,	on	the	maintenance	of	local	ecosystem	services	




community	 relationship	 programmes,	 contributing	 to	 corporate	 social	 responsibility	 goals	
(Repsol,	2012;	PETROECUADOR,	2014;		AngloGold‐Ashanti,	2004;	Vale,	2012).	However,	the	
long‐term	 social	 conflicts	 and	 environmental	 impacts	 of	 these	 industries	 are	 commonly	
overlooked	and	could	potentially	surpass	any	benefits	this	development	may	bring	in	the	short	
term	(Martínez	Alier,	2000).	
Global	 and	 regional	GIS	 studies	have	addressed	and	 shed	 light	over	 the	 current	 and	 future	
impacts	of	extractives	on	biodiversity	taking	into	account	areas	under	protection	as	well	as	
species	 richness	and	 threatened	species	 (Butt	 et	 al.,	 2013;	Osti	 et	 al.,	 2011).	The	 threats	of	
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of	both	the	industry	and	the	conservation	sectors,	though	the	overlay	and	proximity	analysis	
can	result	too	simplistic	(Deichmann	and	Alonso,	2013).	Considerations	of	water	networks	that	
transport	 these	 impacts	downstream,	 inclusion	of	more	relevant	variables	 for	conservation	
such	as	ecosystem	services,	and	a	more	approachable	platform	for	all	stakeholders,	are	thought	
to	be	an	improvement	on	these	analyses	and	would	yield	more	realistic	results.					






impaired	due	 to	 the	oil	 development	and	 they	have	been	acculturated	 into	new	economies	
depending	 on	 cash	 instead	 of	 forest	 resources	 and	 new	 needs	 that	 were	 unknown,	 and	
unnecessary,	 before	 have	 now	 been	 introduced	 (Orellana,	 2004).	 	 Two	 sub‐groups	 of	 the	
Waorani,	named	the	Tagaeri	and	Taromenane,	are	thought	to	be	living	in	voluntary‐isolation,	
avoiding	 contact	 with	 the	 external	 world	 and	 occupying	 the	 most	 remote	 areas	 of	 their	
territory	 in	 the	 rainforest.	 	 An	 “untouchable”	 reserve	 of	 7,000	 Km2	was	 designated	 by	 the	
Ecuadorian	 government,	 in	 2007,	 named	 the	 Zona	 Intangible	 (Finer	 et	 al.,	 2008)	 to	
accommodate	these	peoples	 in	 isolation.	However,	 this	reserve	 is	already	overlapped	by	oil	






it	 is	 important	 to	highlight	 them	as	part	of	 the	discussion	around	extractives.	Furthermore,	
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these	isolated	groups	should	be	considered	despite,	or	precisely	because,	of	their	inability	to	
take	 part	 in	 the	 debate.	 	 The	 consideration	 of	 the	 cultural	 services	 that	 the	 Tiputini	 basin	
provides	for	the	Waorani	and	the	humanity	in	general	have	been	considered	(UNESCO,	2009)	
but	it	is	rather	difficult	to	assign	a	value	or	quantify	them.		
2.9.2 THE CASE OF THE GRAND COELLO 
The	people	of	the	Grand	Coello	Basin,	which	includes	both	the	Combeima	and	Coello	Rivers,	
depend	on	the	river	water	for	agricultural,	cattle	and	general	consumption	and	the	impact	of	






area	 to	 the	 South	 African	 company	 AngloGold	 Ashanti,	 (AGA).	 The	 concessions	 awarded	
overlap	 with	 National	 Forest	 Reserve	 areas,	 where	 all	 extractive	 activities	 are	 prohibited	





to	 the	 environmental	 and	 social	 concerns	 (Perez	 Rincon,	 2014).	 On	 the	 other	 hand,	 the	
technical	reports	of	the	company	and	their	public	communications	focused	on	how	the	land	
tenure	is	being	handled	and	their	financial	contributions	to	the	local	communities	(AngloGold‐
Ashanti,	 2014).	They	 fail	 to	mention	how	 they	plan	 to	 address	 the	 considerable	 amount	of	
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Solidarity	Campaign	(2013)	calculated	that	100	million	tonnes	of	waste	rock,	and	1,420	million	









availability.	 Additional	 case	 studies	 that	were	 also	 researched	 and	 relevant	 in	 the	 area	 are	
detailed	in	Appendix	A.			
In	 all	 of	 the	 cited	 cases,	 the	 lack	 of	 information,	 or	 misinformation,	 has	 been	 a	 common	





Ashe,	 2012)	 throughout	 the	 Andes.	 The	 immediate	 consequences	 are	 deforestation	 and	













de	 la	Republica,	 2014,	 Banco	 Central	 de	Reserva	 del	 Peru,	 2014).	 Consequently,	 the	 future	
promises	to	bring	further	infrastructural	development	to	expand	these	industries	within	the	
region	(Finer	and	Martí,	2010),	as		illustrated	by		the	Initiative	for	the	Integration	of	Regional	
Infrastructure	 in	 South	 America,	 IIRSA,	 that	 aims	 to	 develop	 	 more	 than	 30	 regional	
infrastructural	projects	(IIRSA,	2013)	in	the	next	decade.		
2.10 PROTECTED AREAS 
Protected	 areas	 are	 used	 to	 conserve	 nature	 and	 classify	 regions	 that	 are	 of	 international	








areas	 include	 a	 considerable	 number	 of	 species	 listed	 under	 some	 CITES	 (Convention	 on	
International	Trade	in	Endangered	Species	of	Wild	Fauna	and	Flora)	Appendices	including	900	
bird	species,	300	mammals	and	around	250	species	of	invertebrates,	and	a	current	biodiversity	













‘national	 romanticism’	 and	 the	 preservation	 of	 aesthetic	 landscapes	 (Tuvi	 et	 al.,	 2011).	
Succeeding	this,	during	the	first	Worlds	Parks	Congress	in	1962,	protected	area	establishment	
was	defined	 for	 the	protection	of	biological	diversity,	 and	 approximately	80%	of	protected	
areas	were	created	post	1960s	(Chape	et	al.,	2003).		
Currently,	 the	 IUCN,	 through	 its	 World	 Commission	 on	 Protected	 Areas,	 WCPA,	 defines	
protected	areas	as	“a	clearly	defined	geographical	space,	recognised,	dedicated	and	managed,	
through	 legal	or	other	effective	means,	 to	achieve	 the	 long	 term	 conservation	of	nature	with	
associated	ecosystem	services	and	cultural	values”	(Dudley,	2008,	p.8).	It	is	now	understood	that	
protected	areas	not	only	provide	a	solution	for	biodiversity	conservation,	but	they	also	are	a	
source	of	vital	ecosystem	services	 that	produce	great	economic	benefits	and	are	 integral	 to	
community	 well‐being	 (Lopoukinhe	 et	 al.,	 2012).	 This	 approach	 to	 factoring	 in	 ecosystem	
services	 when	 considering	 the	 establishment	 of	 protected	 areas	 is	 relatively	 recent	 but	
increasingly	important.		In	the	Western	Amazon,	protected	areas	are	known	for	being	home	of	
unique,	 abundant	 and	 threatened	 biodiversity,	 which	 is	 the	 main	 argument	 for	 their	
conservation	(Bass	et	al.,	2006;	Jenkins	et	al.,	2013)	but	they	also	provide	crucial	global	and	
local	 ecosystem	 services.	 These	 include;	 carbon	 services,	 climate	 regulation	 and	 hazard	
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connected	protected	areas	provide	adaptation	and	refuge	in	threat	posed	by	climate	change	




The	expansion	of	protected	areas	 is	 being	 increasingly	 considered	as	 a	proactive	 and	 cost‐
effective	approach	to	curb	tropical	deforestation	and	carbon	emissions	(Laurance	et	al.,	2009).		
Another	solution	may	also	be	to	apply	conservation	management	transnationally,	transcending	




the	 largest	 protected	 areas	with	mostly	 pristine	 forest	 in	 the	Western	 Amazon	 covering	 a	
landmass	 of	 1.6	 million	 hectares	 (Valencia	 et	 al.,	 2004).	 One	 of	 the	 main	 threats	 to	 this	
protected	area	are	roads	and	other	linear	cleanings	(Laurance	et	al.,	2009).	This	is	particularly	
true	when	 considering	 the	 impact	 of	 frontier	 roads	 in	 increasing	 access	 to	 and	opening	up	
remote	 virgin	 rainforest	 (Fearnside,	 2007).	 Laurance	 et	 al.	 (2009)	 argue	 that	 the	 highest	
priorities	of	conservation	managers	should	be	maintaining	large,	roadless	areas	of	 forest	as	
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2004).	Bass	et	al.	(2010)	recommendations	are	a	good	example	of	conservation	prioritisation	
around	 existing	 protected	 areas.	 They	 concluded	 that	 a)Yasuni	 should	 have	 protected	
biological	 corridors	 to	 connect	 the	 lowland	 Amazon	 the	 nearby	 Andean	 Parks,	 in	 order	 to	
enable	species	to	move	up	with	climate	change;	b)	a	corridor	should	be	established	from	Yasuni	
to	the	neighbour	protected	area	Cuyabeno	Wildlife	Reserve,	thus	creating	a	trans‐boundary	




within	 these	areas	need	 to	be	efficient	and	successful.	Currently,	hydrocarbon	extraction	 is	
found	on	25%	of	the	natural	World	Heritage	sites	worldwide	(Osti	et	al.,	2011).	This	overlap	
between	 industry	 and	 biodiversity	 is	 difficult	 to	 manage,	 moreover	 when	 indigenous	




with	 changes	 in	 the	 distribution	 and	 subsistence	 systems,	 the	 most	 important	 being	 the	
emergence	of	wild	meat	markets	outside	 the	boundary	of	 the	national	parks	 (Suarez	et	 al.,	
2009).	Hence,	the	presence	of	the	oil	and	gas	extractives	is	not	allowing	the	conservation	of	the	
biological	and	cultural	diversity	within	the	protected	area.		
The	 most	 recent	 report	 on	 the	 status	 of	 protected	 areas	 worldwide	 shows	 that	 15.4%	 of	
terrestrial	 and	 inland	 water	 areas	 are	 under	 protection	 (Juffe‐Bignoli	 et	 al.,	 2014),	 which	
quantitatively	 is	 close	 to	 the	 17%	 target	 by	 2020,	 established	 by	 the	 CBD	 (Convention	 on	
Biological	Diversity)	Parties	during	the	COP	(Conference	of	the	Parties)	in	Aichi,	back	in	2010.	
This	report	also	highlights	the	need	to	include	within	the	protected	areas	grow	the	additional	
parameters	 of	 Aichi	 target	 11,	 which	 ask	 to	 include	 biodiversity	 and	 ecosystem	 services	
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effectively	protect	 the	existing	biodiversity,	 their	habitat	 and	 the	ecosystem	services	we	all	
depend	on	(Mulligan,	2014c;	ZSL,	2014).			








and	 sources	 of	 ecosystem	 services	 (Naidoo	 et	 al.,	 2008).	 Nevertheless	 there	 is	 still	 no	
agreement	on	a	global	method	that	allows	for	appropriate	evaluation	of	the	status	of	ecosystem	
services	 and	 their	 sustainability	 over	 time	 within	 the	 protected	 areas	 (Juffe‐Bignoli	 et	 al.,	
2014).			
2.11 CONSERVATION PRIORITIES 
Conservation	priorities	have	changed	radically	over	time.	The	first	national	park	in	the	world	
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All	these	delphics	are	the	result	of	extensive	work	and	research	from	experts	in	conservation	
around	 the	 world.	 However,	 as	 in	 many	 global‐scale	 studies,	 the	 lack	 of	 data	 and	 coarse‐
resolution	may	affect	and	bias	the	results	(Jenkins	et	al.,	2013).	They	are	all	working	efforts	
that	are	channelling	funds	to	promote	the	conservation	of	what	each	initiative	has	identified	as	
a	 conservation	 priority.	 	 Overlapping	 of	 some	 of	 these	 areas	 highlights	 the	 importance	 of	









conservation	 of	 biodiversity	 and	 ecosystem	 services	 (CBD,	 2014).	 Target	 14	 is	 directly	







Within	 the	 Western	 Amazon	 regional	 level,	 there	 are	 various	 initiatives	 and	 permanent	
mapping	 efforts	 that	 cover	 the	whole	 Amazon	 basin,	 looking	 at	 national	 and	 transnational	
levels	and	basically	targeting	at	the	inventory	of	protected	areas,	 indigenous	territories	and	
the	 resources	 (i.e.	 services)	 they	 provide	 (IBC,	 2013;	 ISA,	 2014;	 RAISG,	 2009).	 These	
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organisations	 are	 producing	 these	 crucial	 information	 and	 thus	 establishing	 conservation	
priorities	for	the	region.	
For	instance	the	Instituto	del	Bien	Comun,	IBC,	has	been	working	for	the	last	50	years	with	rural	










information	 on	 protected	 areas,	 indigenous	 territories	 (RAISG,	 2012a),	 and	 mapping	 the	
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2.12 ECOSYSTEM SERVICES IN THE MILLENNIUM ECOSYSTEM 
ASSESSMENT 
Ecosystem	services	are	understood	as	the	values,	functions	and	benefits	that	humans	obtain	









with	 this	 information	at	hand,	stakeholders	should	be	able	 to	produce	a	shared	and	agreed	
body	 of	 knowledge	 (MA,	 2005).	 	 Furthermore,	 this	 approach	 can	 help	 towards	 the	 proper	
adoption	and	enforcement	of	policies	 that	are	derived	 from	a	decision‐making	process	 that	
uses	these	common	findings	(Fisher	et	al.,	2009).		
The	 MA	 was	 carried	 out	 as	 an	 ecosystem	 approach	 endorsed	 by	 the	 CBD	 to	 establish	 a	
comprehensive	scientific	baseline	on	the	status	of	the	ecosystem	services	and	their	importance	
for	human	well‐being	(MA,	2005).		More	than	a	thousand	experts	from	more	than	70	countries	
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	The	MA	approach	categorises	ecosystem	services	depending	on	their	Provisioning,	Regulating,	
Cultural	or	Supporting	benefits	(Figure	2‐10).	The	capacity	of	an	ecosystem	to	provide	one	or	




services	 of	 the	 Amazon	 include	 climate	 regulation,	 carbon	 sequestration,	 fire	 protection,	







appropriate	 monitoring	 tools	 and	 indicators	 to	 assess	 the	 status	 and	 change	 over	 time	 of	




 Chapter 2 66
constitute	 policy	 advice	 and	 guidance	 to	 lead	 social	 change	 and	 to	 secure	 the	 inclusion	 of	
ecosystem	services	considerations	in	all	strategic	development.	







a	 healthy	 functioning	 of	 the	 hydrological	 cycle	 (Aylward	 et	 al.,	 2005).	 Advancements	 in	
biotechnology	have	produced	a	vast	range	of	medicinal	benefits,	which	were	only	possible	due	
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trees	 and	 forest	 play	 an	 important	 role	 of	 regulation	 (Joint	 Research	 Centre,	 2014)	












2.12.3 CULTURAL SERVICES 
The	 cultural	 services	 of	 ecosystems	 are	 exclusively	 for	 human	 benefit,	 since	 they	 are	 non‐
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which	many	groups	can	recognise	of	great	importance.	Finally,	a	more	palpable	service	is	the	
recreation	and	nature‐based	tourism	that	ecosystems	provide	to	people	for	their	leisure.		
2.12.4 SUPPORTING SERVICES 
Supporting	services	are	the	basis	of	the	others,	since	they	are	the	foundation	over	long	periods	
of	time	that	allowed	the	formation	of	ecosystems	and	cycles	that	rule	them.	Consequently,	their	
benefits	 can	 only	 be	measured	 over	 the	 long‐run,	 so	 they	 are	 effectively	 intangible	 for	 an	
individual.		However	their	importance	and	maintenance	are	the	‘wheels’	that	keep	the	other	
ones	 moving	 (MA,	 2005).	 Examples	 of	 these	 services	 are	 soil	 formation,	 or	 production	 of	
oxygen	via	photosynthesis,	nutrients	cycles	and	the	provision	of	habitats	for	species	to	live.		
It	 is	 important	 to	 understand	 that	 some	 ecosystem	 services	may	 overlap	within	 the	 prior	
classification,	hence	a	multi‐scale	approach	can	be	an	effective	way	to	portray	all	the	services	
in	 one	 common	 space.	 Moreover,	 understanding	 that	 one	 ecosystem	 provides	 a	 bundle	 of	
services	 is	 a	 first	 step	 towards	mapping,	measuring	 and	 understanding	 its	 benefits.	 It	 is	 a	
daunting	 task	 to	 calculate	 and	 measure	 ecosystems	 services,	 particularly	 those	 of	 a	 more	
subjective	nature.	However,	it	is	of	paramount	importance	to	do	it	if	we	are	to	manage	them	
carefully	and	thus	continue	benefiting	from	them.	
2.13 THE ECONOMICS OF ECOSYSTEMS AND BIODIVERSITY 
APPROACH 
The	 Economics	 of	 Ecosystems	 and	 Biodiversity,	 TEEB,	 is	 a	 global	 study	 of	 the	 economic	
importance	of	biodiversity	and	ecosystems,	highlighting	the	cost	of	the	loss	and	degradation	of	
these	 natural	 systems.	 By	 bringing	 together	 expertise	 from	 a	 mixture	 of	 fields	 including	
economics,	science	and	policy	to	help	create	practical	actions	(Ring	et	al.,	2010).	Whilst	the	MA	
is	a	conceptual	framework	to	understand	the	impact	of	environmental	degradation	on	human	
well‐being	 and	 the	 natural	world,	 Ring	 et	 al.	 (2010)	 argues	 that	 the	MA	 lacks	 information	
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regarding	 the	 dynamics	 of	 social‐ecological	 systems	 and	 the	 complex	 relationship	 between	
human	well‐being	and	ecosystem	services.	
A	major	reason	why	environmental	degradation	has	occurred	on	such	a	vast	scale	is	that	the	
price	 of	 the	 natural	 environment	 is	 not	 taken	 in	 consideration	during	 economic	 decision	
making	(Balmford	et	al.,	2002).		TEEB	is	designed	not	for	the	academic	or	conservationist	who	
understands	 the	 value	 of	 nature,	 but	 instead	 for	 the	 public	 administrator	 or	 businessman,	
to	help	them	become	aware	that	the	current	calculations	in	regards	to	the	harnessing	products	
from	natural	 environment	do	 not	 add	 up,	 and	 by	 not	 including	 the	 environment	 into	 the	
calculation	creates	a	 false	economy	(Kumar	and	Martinez‐Alier,	2011).	The	markets	 should	









can	regain	up	to	80%	of	original	biodiversity	 in	50	years,	 this	process	does	not	 include	the	
specialist	species	that	may	be	lost	during	that	process	(Dent	and	Wright,	2009;	Sberze	et	al.,	
2010)		
2.14 ECOSYSTEM SERVICES IN THE WESTERN AMAZON 
The	most	relevant	ecosystem	services	that	have	been	studied	globally	(Naidoo	et	al.,	2008)	and	









2.14.1 CARBON SERVICES 
At	a	global	level,	tropical	forests	annually	cycle	approximately	8%	of	the	atmospheric	carbon,	
holding	40%	(428	Pg)	of	all	terrestrial	carbon	(approximately	58%	in	forests	and	42%	in	soil)	
through	 the	 chemical	 processes	 of	 photosynthesis,	 respiration,	 decomposition	 and	 litter	
accumulation	(Meister	et	al.,	2012),	making	them	vital	to	the	global	carbon	cycle.	 	Protected	
areas	within	 tropical	 forests	 contain	 approximately	 70.3	 (Pg	C)	 in	 biomass	 and	 soil	within	
humid	 tropical	 forests	 equivalent	 to	 3.5%	 of	 global	 terrestrial	 stocks	 (Scharlemann	 et	 al.,	
2010).	Furthermore,	tropical	intact	forests	are	a	sink	within	the	global	carbon	budget,	with	an	
average	 of	 1.2	 Pg	 C	 per	 year	 during	 the	 last	 two	 decades,	 which	 places	 them	 above	 both	
temperate	 and	 boreal	 forests	 together	 (Pan	 et	 al.,	 2011)	 and	 confirms	 their	 importance	 at	
global	 level.	Moreover,	 the	 pressure	 of	 deforestation	 caused	 a	 release	 of	 0.5	 Pg	C	 per	 year	
during	the	1990s	(Malhi	et	al.,	2011)	and	even	though	it	decreased	in	the	last	decade	due	to	
Brazil’s	success	on	controlling	deforestation	and	effectively	managing	forest	logging,	it	is	back	
on	the	rise	(Imazon,	2014;	Lang,	2014).	Forest	carbon	 is	stored	 in	 the	 form	of	 live	biomass	
(above	and	below	ground):	above	ground	biomass	(AGB)	is	defined	and	accumulated	in	the	
standing	woody	 tissues	 of	 vegetation	 (Saatchi	 et	 al.,	 2011).	 Approximately	 50%	of	 the	 dry	
weight	 or	 biomass	 of	 tropical	 vegetation	 is	 carbon	 (Covey	 et	 al.,	 2012);	 and	 below	 ground	
biomass	(BGB)	is	defined	as	the	carbon	stored	underground	within	the	organic	soil	matter	in	
roots,	usually	up	to	1m	of	depth	(Scharlemann	et	al.,	2010).			
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forests	in	the	Amazon	are	currently	a	carbon	sink,	since	they	uptakes	approximately	0.8	Pg	C	
per	 year	 through	 regrowth,	 which	 is	 slightly	 (0.4%)	 higher	 than	 the	 carbon	 lost	 due	 to	
emissions	from	deforestation	and	tree	mortality	(Pan	et	al.,	2011;		Philips	et	al.,	2008).	 	The	











et	 al.,	 2013).	 If	 successful,	 this	 initiative	 would	 have	 been	 an	 example	 that	 could	 have	
potentially	be	adopted	by	the	neighbouring	countries.		Nevertheless,	the	demand	for	oil	crude	









particularly	 ther	western	 region,	both	 regionally	and	globally.	This	 service	alone	 should	be	
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enough	reason	to	direct	 funds	and	efforts	 for	 its	effective	consevration	(,	which	additionaly	
includes	biodiversity	protection	and	maitenance	of	other	relevant	ecosystem	services	(Malhi	
et	al.,	2008;	Pan	et	al.,	2011)			
2.14.2 WATER RELATED SERVICES 
One	of	the	major	and	long‐lasting	impacts	of	oil	contamination	has	been	observed	on	water	
resources,	especially	because	both	water	quantity	and	quality	are	affected	by	land	use	change	


























alongside	oil	and	gas,	and	mining	development	are	at	 the	 top	of	 the	 list	of	 threats	 to	water	
services	(RAISG,	2012b)	














programming	 and	 using	 publicly	 available	 data	 of	 photos	 and	 location	 of	 urban	 areas	 to	
develop	a	map	of	interesting	remote	touristic	attractions	(Heinla,	2010)	
At	the	local	level,	local	communities	have	found	in	ecotourism	an	alternative	to	the	exploitation	
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the	 local	 Kichwa	 community	 currently	manages	 a	 self‐sufficient	 eco‐lodge	 that	 even	 funds	
some	 community	 projects	 on	 education,	 agriculture	 and	 handicrafts	 trading	 (Sani,	 2008).		
Similar	initiatives	are	found	all	over	the	protected	areas	of	the	Amazonia	in	Ecuador	and	Peru,	





ecosystem	 services	 included.	 Consequently,	 properly	 mapping	 nature‐based	 ecosystem	
services	and	visually	joining	them	with	other	relevant	benefits	can	help	tipping	the	scales	in	
favour	 of	 conserving	 biodiversity	 and	 maintaining	 all	 the	 ecosystem	 services	 nature	 is	
providing.	
Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of Oil Impacts and Ecosystem Services in the W.A. 
	


















a	 multicriteria	 analysis	 embedded	 into	 GIS	 techniques	 to	 ultimately	 produce	 informative	
indices	of	oil	and	gas	impacts,	ecosystem	services	and	risk	of	ecosystem	services	loss.	These	
results	 constitute	 a	 baseline	 to	 be	 used	 and	 compared	with	 other	 approaches,	 such	 as	 the	
modelling	tools	utilised	in	the	next	chapters.		 	
Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of Oil Impacts and Ecosystem Services in the W.A. 
	
 Chapter 3 76
 
Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of 










Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of Oil Impacts and Ecosystem Services in the W.A. 
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Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of 
Oil Impacts and Ecosystem Services in the Western Amazon 
ABSTRACT		
Oil	 extraction	 operations	 can	 be	 found	 in	 all	 types	 of	 environment,	 including	 the	 most	
threatened	and	delicate	tropical	rainforests.	The	Western	Amazon	has	been	widely	recognised	
for	 its	biodiversity	and	 important	ecosystem	services,	but	 it	 is	also	rich	 in	oil	 reserves.	The	
governments	of	Colombia,	Ecuador	and	Peru	have	been	increasingly	developing	and	exploiting	
oil	resources	in	these	remote	areas	and	this	exploitation	is	an	important	contribution	to	their	
national	 economies.	 This	 analysis	 aims	 to	 inform	 a	 more	 sustainable	 development	 of	
extractives	in	the	region	using	innovative	techniques	of	geo‐visualisation.	The	results	yield	a	
comprehensive	 oil	 impact	 assessment	 for	 the	 region,	 and	 then	 highlight	 environmentally	










Oil	 exploration	 in	 Ecuador,	 Peru	 and	 Colombia	 started	 in	 the	 early	 1900s,	 in	 the	 Gulf	 of	
Guayaquil,	Ecuador,	the	area	of	Talara,	in	the	northern	coast	of	Peru,	and	the	Magdalena	River	
Basin	in	Colombia	(Hanratty,	1991;	Hudson,	1992).	The	oil	industry	is	capable	of	generating	
significant	 revenues,	 especially	 at	 times	 of	 high	 demand,	 but	 it	 equally	 needs	 considerable	
investment,	especially	when	working	in	isolated	and	remote	areas	(Ramos	and	Veiga,	2011).	
The	infrastructure	and	activities	required	for	oil	exploitation	traditionally	include	roads,	wells,	
Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of Oil Impacts and Ecosystem Services in the W.A. 
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the	major	 impacts	of	oil	contamination	 is	on	water	resources.	 It	 is	estimated,	as	part	of	 the	
Texaco	 lawsuit	 in	Ecuador,	 that	 it	would	cost	 some	USD	27	billion	 to	clean‐up	 the	polluted	
groundwater	in	the	affected	region	(Amazon	Watch,	2009).	Furthermore,	local	people	in	the	





Multicriteria GIS Analysis and Geo-Visualisation of the Overlap of Oil Impacts and Ecosystem Services in the W.A. 
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The	 aim	 of	 this	 study	 is	 to	 provide	 information	 for	 a	 more	 sustainable	 development	 of	
extractives	 in	 the	 Western	 Amazon	 by	 highlighting	 the	 ecosystem	 service	 impacts	 of	 oil	
developments	and	using	innovative	GIS	techniques	to	visualise	and	understand	the	risks	and	






The	Western	 Amazon	 comprises	 areas	 of	 Colombia,	 Ecuador,	 Peru,	 Bolivia,	 Venezuela	 and	
Brazil.		Geographically,	our	study	area	lies	within	the	coordinates	of	latitude	10°N	to	20°S,	and	
80°W	to	60°W	of	longitude.	Even	though	the	GIS	was	developed	and	applied	over	the	whole	




companies)	 and	 civil	 (i.e.	 NGOs)	 sectors,	 in	 order	 to	 build	 a	 comprehensive	 geographic	
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deterministic	 method	 for	 multivariate	 interpolation	 (ESRI,	 2011),	 maintaining	 a	 constant	






















Elevation	 (Farr	and	Kobrick,	2000) raster	 m(a.s.l)
Roads	 (FAO‐GIEWS,	2008) raster	 pixels
Urban	areas	 (CIESIN	et	al.,	2004) raster	 classes
Amphibians	spp.	Richness	 (Mulligan,	2010a	using	(IUCN	et	al.,	2008b) raster	 #	spp.
Birds	spp.	richness (Mulligan,	2010a) raster	 #	spp.
Mammals	spp.	Richness	 (Mulligan,	2010a	using	(IUCN	et	al.,	2008a) raster	 #	spp.
Reptiles	spp.	Richness	 (Mulligan,	2010a	using	(IUCN,	2010) raster	 #	spp.
Protected	Areas	 (UNEP‐WCMC,	2009) raster	 unique	ID
Tree	coverage	 (Hansen et	al.,	2006) raster	 fraction
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impact	in	an	index.	Second,	biological	and	physical	variables	were	combined	to	determine	an	
ecosystem	services	 index	by	examination	of	 the	potential	 (i.e.	provided	but	not	necessarily	
used)	ecosystem	services	(Mulligan	et	al.,	2010).	These	services	are	calculated	locally	for	every	








built	 and	 maintained	 by	 the	 oil	 activities	 are	 the	 drivers	 of	 urban	 development	 and	
deforestation,	hence	also	included,	and	properly	weighed,	as	described	below.	In	terms	of	the	
ecosystem	 services	 index,	 there	were	 several	 assumptions	 and	 considerations	 to	make.	 All	
biodiversity	 variables	were	 included	 as	 number	 of	 threatened	 species,	 due	 to	 the	 intrinsic	
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oil	 pipelines,	 oil	 wells)	 has	 within	 or	 around	 the	 pixel	 that	 it	 occupies.	 In	 the	 ecosystem	
services,	 similar	 variables	 were	 given	 equal	 rank	 and	 then	 weighted	 using	 the	 described	
method	(Table	2).	The	spatial	neighbourhood	of	influence	used	for	the	oil	impact	index	(Table	
2,	 last	 column)	 is	 independent	 from	 the	weighting	process,	 and	was	 assigned	 according	 to	
expert	advice	(Larrea,	M.	pers.	comm.).	The	influence	is	defined	by	the	circular	neighbourhood	
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Oil	pipelines	 2 100 1 2 0.27	 2
Oil	wells	 1 100 1 4 0.54	 3x*
Block	‐	concessions	 3 50 0.5 0.67 0.09	 1
Roads	 4 50 0.5 0.5 0.07	 2
Urban	areas	 5 25 0.25 0.2 0.03	 1
	 	 TOTAL	 7.37 1	
ECOSYSTEM	SERVICES	 		 		 		 		 		 	
Threatened	spp.	
amphibians	 3 10 0.1 0.03 0.02	
Threatened	spp.	birds	 3 10 0.1 0.03 0.02	
Threatened	spp.	mammals	 3 10 0.1 0.03 0.02	
Threatened	spp.	reptiles	 3 10 0.1 0.03 0.02	
Protected	Areas	 3 10 0.1 0.03 0.02	
Tree	coverage	 2 35 0.35 0.18 0.12	
Carbon	Stock	 2 35 0.35 0.18 0.12	
Water	Balance	 1 100 1 1 0.66	
	 	 	 TOTAL	 1.52 1	




(highest).	 In	 a	 final	 stage,	 a	 script	 brings	 together	 both	 indices,	 oil	 impact	 and	 ecosystem	





within	 a	 bi‐dimensional	 space	 (after	 Holland,	 R.	 unpublished	 code).	 Then,	 the	 spatial	
information	 of	 every	 cell	 is	 added	 to	 the	 code,	 in	 order	 to	 represent	 them	 within	 the	
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towards	 the	 Pacific	 Coast.	 From	 this	 total	 of	 major	 pipelines,	 30%	 lies	 over	 the	 Western	
Amazon,	 crossing	 major	 rivers	 along	 their	 way.	 Additionally,	 a	 considerable	 network	 of	






The	 resulting	 oil	 impact	 index	 (Fig.	 1)	 shows	 major	 impacts	 on	 the	 Ecuadorian	 Amazon,	
particularly	in	the	northern	areas,	which	validates	the	index,	since	most	of	the	oil	development	
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Focusing	 on	 the	 resulting	 maps	 of	 ecosystem	 services	 index,	 high	 numbers	 of	 species	 are	




For	 threatened	mammals,	 there	 is	 high	 concentration	 in	 the	Manu	National	 Park	 in	 south‐
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Figure	1.	Oil	impact	index	(0‐1)	for	the	Western	Amazon,	at	1	Km	resolution	
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Figure	2.	Ecosystem	services	index	(0‐1)	for	the	Western	Amazon,	at	1	Km	resolution
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These	 areas	 clearly	 could	 have	 a	 high	 risk	 of	 ecosystem	 service	 loss,	 and	 in	 general	 they	
coincide	with	protected	areas	and	indigenous	territories	that	overlap	with	oil	concessions.	
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		 Figure	3.	Risk	of	ecosystem	services	loss	(0‐1)	obtained	combining,	in	a	bivariate	
space	 and	 scale,	 oil	 impact	 and	 ecosystem	 services	 indices,	 for	 the	
Western	Amazon,	at	1	Km	resolution	
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4.	DISCUSSION	AND	CONCLUSION	












national	 situation	 of	 oil	 in	 the	 region	 beyond	 the	 official	 reports	 from	 the	 environmental	
agencies	in	each	country.			Additionally,	the	reliability	of	the	indices	is	supported	by	objective	
and	 independent	 scientific	 data.	 Consequently,	 the	 results	 can	 effectively	 be	 of	 use	 and	
application	on	informed	decision	and	policy	making.	Open	and	public	information	may	be	of	
use	and	support	to	all	stakeholders,	from	oil	companies,	local	governments,	civil	organisations	
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4.2 MAPPING TOOLS FOR ECOSYSTEM SERVICES 
Conservation	 of	 biodiversity	 and	 sustainable	 use	 of	 natural	 resources	 have	 been	 on	
international	 agendas,	 as	 a	major	 concern,	 since	 1992,	when	 the	 Convention	 on	 Biological	
Diversity,	 CBD,	 was	 outlined	 to	 help	 formalising	 at	 international	 level	 the	 conservation	 of	
biodiversity	and	the	sustainable	use	of	its	components	in	the	environment	(CBD,	1992).	The	
CBD	brought	to	the	world’s	attention	the	changes	and	impacts	that	humankind	causes	on	the	
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environment.	 There	 were	 consideration	 of	 economics	 of	 the	 environment	 and	 resources	
sustainability,	 considered	 as	 natural	 capital	 (Costanza	 et	 al.,	 1998),	 but	 this	 was	 not	
transformed	into	policy.	Understanding	the	key	role	of	ecosystems	in	human	well‐being	and	
place	them	as	a	scientific	priority	as	well	as	a	policy	driver	was	one	of	the	major	achievements	
of	 the	 Millennium	 Ecosystem	 Assessment	 (Carpenter	 et	 al.,	 2009)	 and	 it	 triggered	 a	 new	
research	field	dedicated	to	find	them	in	the	map	(Brooks	et	al.,	2006;	Naidoo	et	al.,	2008).		
Mapping	ecosystem	services	within	projects	and	case	studies	(e.g.	oil	and	gas	infrastructure	
planning)	 are	 usually	 focused	 at	 the	 local	 level	 and	 based	 upon	 data	 collected	 in	 the	 field,	




sensed	data	 and	usually	done	 at	 coarse	 scale	 (Naidoo	2008;	 Soares‐Filho	 et	 al.	 2006),	 thus	
reliable	at	regional	or	global	scales,	but	not	applicable	to	processes	on‐the‐ground	(Josse	et	al.,	
2013).	 Despite	 it	 all,	 there	 are	 several	 efforts	 to	 develop	 tools	 to	map,	measure	 and	 value	
ecosystem	services	at	several	scales	and	levels	of	specificity	(Bagstad	et	al.,	2013;	Crossman	et	
al.,	2013).	Given	the	complexity	of	the	factors	involved,	it	is	a	rather	difficult	task	to	include	
them	 all	 in	 one	 functional	 computer	 model	 that	 represents	 the	 state	 and	 behaviour	 of	







McKenzie	et	 al.,	 2014;	Mushet	 et	 al.,	 2014;	Reyers	et	 al.,	 2014).	 	A	 comparatively	new	 tool,	
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Co$ting	Nature	(Mulligan	2012b)	was	used	for	this	current	research.	Nevertheless,	the	three	





Ecosystem Services Tools 
ARIES v.alpha InVEST v.2.5.6 Co$ting Nature v.2.45 
ES relevant outputs 8 16 19 
carbon yes yes yes 
water quantity yes yes yes 
water quality no only marine yes 
hazard mitigation no only coastal yes 
recreation/tourism yes yes yes 
ES evaluation individual individual Individual and multiple 
scale of operation local local and regional local, regional and global 
scenarios only baseline only baseline baseline and land use scenarios 
spatial resolution depends on data depends on data 1 Km and 1 Ha pixels 
potential to influence 
system development no no Yes 
platform web based standalone, needs ArcGIS licence web based 
web page www.ariesonline.org www.naturalcapitalproject.org/InVEST 
www.policysupport.org
/costingnature 
4.2.1 ARIES (ARTIFICIAL INTELLIGENCE FOR ECOSYSTEM SERVICES) 
ARIES	(alpha	version,	www.ariesonline.org)	is	an	ecosystem	services	valuation	tool	delivered	
through	 a	web	 interface.	 It	 is	 intended	 to	 be	 a	 global	 system,	 but	 currently	 only	works	 on	




of	 the	ecosystem	services	status	at	a	site,	 considering	all	 the	multiple	scales	 that	 they	have	
influence	on.	It	includes	a	range	of	modules	to	analyse	ecosystem	services	of	carbon	stock	and	
sequestration,	aesthetic	viewshed	and	proximity,	 flood	regulation,	 fisheries	 for	 subsistence,	
coastal	flood	regulation,	sediment	regulation,	water	supply,	and	recreation	(Villa	et	al.,	2009).	
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4.2.2 INVEST (INTEGRATED VALUATION OF ENVIRONMENTAL 




alone	 platform	 (v.3.x),	 originally	 dependant	 on	 an	ArcGIS	 environment	 (up	 to	 v.2.5.4).	 The	









prioritise	 current	 and	 planned	 conservation	 efforts,	 and	 even	 to	 lesser	 extent,	 identifying	
where	 future	 developments	 would	 have	 comparatively	 less	 impact	 on	 ecosystem	 services	
provision,	thus	this	tool	was	not	considered	appropriate	to	the	analysis,	either.		
4.2.3 CO$TING NATURE 
Costing	 Nature	 (CN	 v.2.45,	 www.policysupport.org/costingnature)	 is	 a	 sophisticated	 spatial	
conservation	prioritization	tool	that	allows	mapping	of	a	whole	range	of	ecosystem	services	
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and	 their	 beneficiaries,	 alongside	 a	 series	 of	 other	 conservation‐relevant	metrics	 including	
biodiversity,	 current	 pressure	 and	 future	 threat	 to	 continued	 conservation	 and	 ecosystem	
service	 provision.	 It	 accomplishes	 these	 results	 based	 on	 the	 available	 datasets	 that	 are	
accumulated	in	the	SimTerra	database	and	a	set	of	rule	based	(i.e.	phenomenological)	models.	
Comparing	the	three	tools	(Table	4‐1),	InVEST	and	ARIES	approach	allow	for	the	evaluation	of	
individual	 ecosystem	 services,	whilst	 CN	handles	multiple	 ecosystem	 services	 and	multiple	
threats	within	the	same	assessment.	InVEST	and,	to	certain	extent,	ARIES	require	the	user	to	
supply	all	the	necessary	data	to	parameterise	the	models,	and	the	case	studies	where	they	were	
tested	 are	 applied	 over	 areas	 smaller	 than	 the	 study	 area	 proposed	 for	 this	 thesis.		
Comparatively,	CN	can	be	applied	regionally	or	locally,	through	the	tile	grid,	and	provides	all	of	
the	 datasets	 necessary	 for	 application	 anywhere	 in	 the	 terrestrial	 globe.	 Requiring	 a	
considerable	 amount	of	 data	means	high	 inputs	of	 time	 and	 economic	 resources	 for	model	
parameterisation,	before	obtaining	any	kind	of	valuable	analysis.	Co$ting	Nature	allows	rapid	
and	versatile	application,	and	given	the	focus	of	this	analysis	is	to	run	multiple	simulations	in	
order	 to	 assess	 the	 sensitivity	 of	 conservation	 prioritisations	 according	 to	 the	 inclusion	 or	
exclusion	of	 factors	(biodiversity,	ecosystem	services,	pressure,	 threat),	 it	 is	an	appropriate	
tool	 for	 this	 part	 of	 the	 research.	 Furthermore,	 I	was	 able	 to	 influence	 the	development	of	
specific	functionalities	of	the	model	towards	including	extractive	industries	as	a	pressure	and	
threat	to	ecosystem	services.	




given	 circumstances,	 understood	 as	 prospective	 scenarios,	 were	 tested	 and	 evaluated.	 The	
model	requires	a	total	of	117	datasets	(complete	list	included	Appendix	D)	to	be	run	properly.		
These	parameters	 feed	 the	model	 and	ultimately	 yield	 a	 summarised	 index	 for	 each	of	 the	
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following	four	key	ecosystem	services:	carbon,	water	provision,	hazard	mitigation	and	nature‐
based	tourism.		
















is	 used	 as	 a	 proxy	 for	 water	 quality,	 since	 it	 aggregates	 human	 influences	 on	 water	 and	
cumulates	 them	 downstream	 along	 the	 flow	 network.	 	 It	 is	 pre‐calculated	 globally	 for	 the	
baseline	 and	 it	 is	 then	 modified	 with	 land	 use	 for	 scenarios.	 	 It	 counts	 in	 the	 weighed	
contribution	of	all	mapped	human	activities	that	affect	water	quality:	grazing	(g),	agriculture	
(a),	urban	areas	(u),	roads	(r),	mining	(m),	and	oil	and	gas	(og).	They	all	pollute	depending	on	
the	 assigned	 weight,	 whilst	 protected	 areas	 or	 zones	 of	 conservation	 (c)	 contributes	 by	
diminishing	the	human	footprint	(Figure	4‐1).		
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4.2.4.3 NATURAL HAZARD MITIGATION 








upstream,	 since	 it	 is	 assumed	 that,	 even	 though	 trees	 will	 consume	 water	 via	
evapotranspiration,	they	will	maintain	a	base	flow	during	dry	seasons	in	the	area	by	means	of	
enhanced	water	 infiltration	compared	with	agriculturally	managed	lands	(Mulligan,	2012a).	
All	of	 these	 services	are	 combined	 to	express	 the	 first	variable:	potential	 of	natural	hazard	
mitigation.	
Secondly,	the	risk	of	a	hazard	to	occur	is	accounted	for,	understood	as	the	result	of	exposure	to	
hazards	 (hazard	 potential	 combined	with	measures	 of	 human	 exposure)	multiplied	 by	 the	
vulnerability	of	people	 to	hazards.	 In	order	 to	express	 these	as	 spatial	 information,	 several	
global	indicators	are	used.	To	measure	the	socio‐economic	exposure	to	hazards,	the	model	uses	






hazard	 as	 a	 result	 of	 cyclones,	 coastal	 inundation	 for	 coastal	 low‐lying	 areas	 (0‐30	masl),	
landslides	based	on	the	upstream	slope	gradient	of	a	cell,	and	flooding	based	on	water	balance	
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(precipitation	 minus	 evapotranspiration).	 Finally	 the	 minimum	 of	 exposure	 and	 hazard	
potential	indices	are	taken	to	represent	the	exposure	to	hazard	(Mulligan,	2014a).		









potential,	 and	 there	 is	 some	 risk	 left	 “unserved”.	 	 On	 the	 other	 hand,	 if	 risk	 is	 less	 than	
mitigation	potential,	the	hazard	mitigation	service	for	that	cell	is	assigned	as	the	risk,	since	it	
is	only	up	to	that	point	that	the	ecosystem	is	a	service	and	the	rest	of	the	potential	remains	
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“unused”.	 This	 complex	 relationship	 of	 functions	 and	 rules	 is	 represented	 in	 a	 diagram	 in	
Figure	4‐2.		
4.2.4.4 NATURE-BASED TOURISM 
Nature	 based	 tourism	 is	 understood	 as	 a	 cultural	 service	 of	 ecosystems,	 since	 there	 is	 no	




defined	 by	 the	 simple	 overlay	 of	 the	 'BINGOs'	 conservation	 prioritisations,	 are	 used	 to	
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4.2.4.5 POTENTIAL VS. REALISED ECOSYSTEM SERVICES  
An	ecosystem	service,	by	definition,	can	only	be	considered	as	such	if	there	are	people	that	are	
receiving	its	benefits,	although	they	can	be	distributed	locally	 	(e.g.	water	provision,	hazard	











for	 the	 period	 of	 2000.	 For	 the	 purpose	 of	 this	 chapter’s	 research,	 version	 2.45	 of	 Co$ting	
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caveats	of	the	model	and	its	various	metrics,	and	how	these	were	used	to	answer	the	questions	
about	how	and	where	conservation	should	be	prioritised.			
4.3.1 BASELINE SCENARIO FOR THE WESTERN AMAZON 
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Amongst	the	117	parameters,	input	as	maps,	that	the	Co$ting	Nature	model	needs,	there	are	a	
variety	 of	 metrics	 for	 ecosystem	 services,	 biodiversity,	 pressure	 and	 threat	 which	 differ	
immensely	in	their	units	of	measurement.		In	order	to	make	these	metrics	work	and	be	part	of	
the	model	 calculations,	 they	 are	 first	 normalised	 and	 scaled	 from	 0	 to	 1	 globally,	where	 0	
represents	the	global	minimum	for	the	variable	and	1	represents	the	global	maximum	value.	I	
prepared	 the	data	and	ran	a	baseline	simulation	 for	all	 six	 tiles.	For	each	 tile,	 the	 resulting	
information	was	 visualised	 to	 confirm	 their	 correct	 calculation	 and	 downloaded	 in	 a	 .map	
format,	which	 is	a	PCRaster	 format.	The	resulting	 tiles	derived	 from	CN,	were	 then	merged	
accordingly	to	generate	full	Western	Amazon	datasets.			That	is,	with	all	of	the	outputs	of	the	
model	placed	in	a	common	geodatabase,	a	short	PCRaster	script	was	written	and	run	in	order	




the	 model	 and	 are	 of	 major	 consideration	 for	 the	 results	 and	 analysis.	 First,	 the	Western	
Amazon	basin	boundary	(as	defined	by	HydroSHEDS)	was	set	as	an	analysis	mask,	looking	to	
avoid	 any	 bias	 on	 the	 results	 from	 the	 distinctively	 different	 ecosystems	 in	 the	 Andes	 and	
Pacific	Coast	of	South	America.	However,	 the	basin,	and	hence	 the	study	area,	does	contain	
some	of	the	highlands	of	the	Eastern	Andes,	including	the	headwaters	of	the	Amazon	river,	in	
the	Mismi	 snow‐covered	mountain	 (above	 5,500	masl),	 of	 this	~6,500	Km‐long	 river	 (Lee,	
2014).	Secondly,	a	more	detailed	and	up	to	date	(as	of	December	2013)	coverage	of	 the	oil	
concessions	in	the	Western	Amazon	was	gathered	for	the	three	countries	(Ecuador,	Peru	and	
Colombia)	 in	 order	 to	 improve	 the	 SimTerra	 dataset.	 This	 coverage	 allows	 for	 a	 better	
definition	of	the	boundaries	of	the	oil	blocks.		
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4.3.2 ECOSYSTEM SERVICES CURRENT STATUS AND EXPECTED 





Shiwiar	 indigenous	 territories)	 and	Northeastern	Peru	 (Loreto	 region)	 are	known	 for	 their	
richness	of	 natural	 resources.	Oil	 and	 gas	 activities	 are	 either	under	 exploitation,	 or	 under	
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Table	4‐2	List	of	ES	relevant	outputs	derived	from	Co$ting	Nature.	
parameter (s) Index units 
Carbon (C) Relative carbon value index 0-1  globally 
Natural Hazard Mitigation 
(HM) 
Relative potential hazard mitigation 
ecosystem services 0-1  globally 
Nature-Based Tourism (T) 
Relative potential nature-based tourism 
index 0-1  globally 
Water Provision (W) 
Relative potential water provisioning 
services index 0-1  globally 
Natural Hazard Mitigation 
(HM) 
Relative realised hazard mitigation 
ecosystem services 0-1  globally 
Nature-Based Tourism (T) 
Relative realised nature-based tourism 
services index 0-1  globally 
Water Provision (W) 
Relative realised water provisioning services 
index 0-1  globally 
Biodiversity (B) 
Relative biodiversity index of threatened 
species (mammals, amphibians, reptiles, birds)  0-1  globally 
Conservation (CO) Relative conservation priority index 0-1  globally 
Current Pressure (PR) Relative pressure index 0-1  globally 
Future Threat (TH) Relative threat index 0-1  globally 
Human Footprint on Water 
(HF) 
Human footprint on water quality 
(percentage of potential contamination) % 
C, HM, T, W Relative total potential services index 0-1  globally 
C, HM, T, W Relative total realised bundled services index 0-1  globally 
B, CO, PR, TH Relative total nature conservation priority index 0-1  globally 
C, HM, T, W, B, CO, PR, TH  Relative total ES and nature conservation priority index (potential services) 0-1  globally 
C, HM, T, W, B, CO, PR, TH  Relative total ES and nature conservation priority index (realised services) 0-1  globally 
C, HM, T, W, B, CO, PR  Relative total development priority index (potential services) 0-1  globally 
C, HM, T, W, B, CO, PR  Relative total development priority index (realised services) 0-1  globally 
   
  Bundle indices comprise several parameters 
	
A	 summary	 of	 the	 relevant	 outputs	 to	 evaluate	 conservation	 strategies	 was	 derived	 and	
presented	in	Table	4‐2.	The	first	column	shows	the	parameter	or	mix	of	parameters	that	were	
used	 to	 calculate	 the	 indices	 in	 the	 second	 column.	 The	 third	 column	 shows	 the	 units	 and	
ranges	for	these	indices.	The	first	group	of	rows	in	the	table	correspond	to	the	base	data	for	
every	 individual	 ecosystem	 service	 as	described	 in	detail	 above.	These	 indices	 are	of	 great	
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importance	 by	 themselves	 to	 evaluate	 and	 establish	 a	 baseline	 scenario.	 However,	 further	
analysis	is	possible	when	comparing	all	the	services	as	a	bundle,	hence	the	bottom	group	of	
indices	 highlighted	 in	 green	 bring	 together	 the	 previous	 ones	 according	 to	 simple	 average	
calculations.	Furthermore,	ecosystem	services	combined	with	nature	conservation	priorities	
represent	 a	 more	 comprehensive	 assessment	 for	 conservation	 than	 other	 single	 metrics.	
Conversely,	 identifying	areas	under	current	pressure	and	low	ecosystem	services	provision,	
would	 result	 on	 development	 priority	 metrics	 where	 future	 extractive	 operations	 could	
potentially	 take	place.	Due	 to	 the	 importance	and,	 in	 some	cases,	 complexity	of	 the	 indices	
calculated,	individual	sections	follow	below.		




services	 rely	 (Ghilarov,	 2000).	 	 Co$ting	Nature	 focuses	 in	 threatened	 species	 richness	 and	
threatened	endemic	species	derived	from	the	IUCN	red‐lists	for	amphibians,	reptiles,	mammals	
and	 birds.	 It	 is	 assumed	 to	 be	 a	 spatial	 proxy	 to	 represent	 the	 patterns	 of	 biodiversity	
distribution.	 Particularly	 in	 this	 case,	 as	 extractive	 industries	 are	 a	 potential	 threat	 to	
biodiversity	conservation,	highlighting	taxa	that	is	categorised	as	threatened	helps	to	bring	to	
light	the	most	relevant	regions	where	high	numbers	of	vertebrate	species	should	be	designated	
for	 conservation.	 Other	 taxa,	 equally	 important,	 such	 as	 plants,	 and	 invertebrates	 are	 not	
included	 in	 this	 index	 only	 due	 to	 the	 lack	 of	 readily	 available	 datasets	 at	 global	 extent.	
However,	using	vertebrate	 threatened	biodiversity	 to	direct	conservation	will	help	 towards	
diminishing	biodiversity	loss	at	all	levels	(Butt	et	al.,	2013).	The	biodiversity	index	combines	
the	mentioned	 taxa,	 originally	 expresses	 in	 number	 of	 species,	 in	 one	 normalised	measure	
combining	both	richness	and	endemism.	
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and	 consider	 within	 an	 analysis.	 In	 fact,	 this	 index	 measures,	 with	 global	 datasets,	 the	








in	 proximity	 to	 already	 changed	 areas,	 as	 it	 has	 been	 observed	 by	 research	 on	 roads	 and	
deforestation	rates	around	them	(Barber	et	al.,	2014).	The	model	uses	MODIS	VCF	 imagery	
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(Sexton	et	al.,	2013)	and	Terra‐I	data	(Reymondin	et	al.,	2012)	to	examine	proximity	to	current	






4.3.2.5 TOTAL POTENTIAL BUNDLED SERVICES INDEX 
The	 total	 bundle	 of	 potential	 ecosystem	 services	 is	 the	 normalised	 sum	 of	 all	 potential	
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and	 it	 is	 assumed	 here	 that	 it	 is	 better	 to	 display	 all	 these	 ecosystem	 services	 as	 one,	
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4.3.2.8 TOTAL CONSERVATION PRIORITY INDEX  
This	index	aims	to	include	all	the	relevant	variables	for	conservation	prioritisation,	since	it	is	
formed	of	all	the	nature	conservation	priority	variables	together	with	the	ecosystem	services	
bundle	 (Figure	 4‐8).	 That	 is	 considering	 equally	 valuable,	 hence	 giving	 equal	 weight	 to,	
biodiversity,	 conservation	delphics,	 pressure,	 threat,	 carbon,	water	provision,	 nature‐based	
tourism,	and	hazard	mitigation	services.	Indeed	it	shows	the	whole	picture	to	consider	within	
an	area	when	looking	at	the	options	to	prioritise	conservation,	particularly	thinking	of	the	most	








priority,	 as	 well	 as	 water,	 carbon,	 hazard	 mitigation	 and	 nature‐based	 tourism	 potential	
services.	In	other	words,	the	higher	the	value	in	this	index,	the	lesser	the	impact	to	be	expected	
from	future	development	in	this	areas.	Since	population	density	is	part	of	the	pressure	dataset,	
areas	 with	 high	 development	 index	 would	 have	 few	 people	 dependent	 –	 or	 likely	 to	 be	
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4.3.2.10 RELATIVE TOTAL DEVELOPMENT PRIORITY INDEX FOR 
REALISED SERVICES 
Similarly,	 the	 relative	 total	 development	 priority	 index	 for	 realised	 services	 combines	 the	










4.3.3 PREPARING SCENARIOS FOR CONSERVATION PRIORITISATION 
The	purpose	of	this	analysis	is	to	understand	the	conservation	priority	baseline	for	this	region	
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series	 of	 scenarios	 were	 designed	 and	 then	 implemented	 within	 the	 Co$ting	 Nature	 tool.	
Basically,	 I	 changed	 the	 weighting	 assigned	 to	 the	 different	 components	 of	 the	 overall	
conservation	priority.	In	each	case	the	effectiveness	and	coverage	of	the	current	conservation	
efforts	relative	to	the	defined	conservation	prioritisation	was	assessed.		
Three	distinct	 scenarios	are	proposed,	aiming	 to	 test	different	prioritisation	approaches	by	
changing	 the	weightings	assigned	 to	 the	components	of	 the	model,	 and	ultimately	 inform	a	
more	objective	and	comprehensive	approach	that	can	be	of	help	in	the	processes	of	decision	
and	 policy	making	 as	 well	 as	 testing	 the	 outcomes	 of	 different	 prioritisation	 assumptions.	
Within	Co$ting	Nature,	a	built‐in	tool	was	developed	based	on	the	objectives	for	these	policy	
exercises.	 The	 scenarios	were	prepared,	 run,	 and	 then	 compared	with	 the	baseline.	 For	 the	
baseline	 run,	 all	 conservation	 priorities	 are	 weighted	 equally,	 or	 evenly	 prioritised.	 Then,	
within	each	of	the	three	scenarios	that	were	set	up,	the	same	components	are	included,	but	
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Component         \       Policy option     BSL CONS ES PRTH 
 
realised/potential ES 1.0 0.1 1.0 0.1 
biodiversity 1.0 1.0 0.1 0.1 
conservation priority 1.0 1.0 0.1 0.1 
pressure 1.0 0.1 0.1 1.0 
threat 1.0 0.1 0.1 1.0 
     
  maximum weight 
  minimum weight 









in	 section	4.3.2.1.	The	other	 three	main	 components	 of	 the	model	 are	 left	 to	 the	minimum	
weight	possible,	and	with	the	five	values	set,	the	model	was	run	(Table	4‐3).	The	prioritisation	
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here	 is	 given	 to	 the	 nature	 components,	 aiming	 to	 highlight	 the	 importance	 of	 these	
conservation	efforts	and	compare	these	results	with	the	current	system	of	protected	areas	in	
order	to	draw	potential	prioritisation	conclusions	for	future	conservation.		
4.3.5 ECOSYSTEM SERVICES SCENARIO  
This	 policy	 option	 emphasises	 the	 importance	 of	 Ecosystem	 Services	 above	 the	 other	
components	of	the	model.	As	shown	in	Table	4‐3,	it	assigns	minimum	weight	to	biodiversity	
and	conservation	priority,	as	well	as	 to	pressure	and	 to	 threat,	and	 thus	 the	weight	 for	 the	
analysis	 to	ecosystem	services	 is	maximised.	This	 is	aimed	 to	emphasise	 the	 importance	of	
ecosystem	services,	both	realised	and	potential,	and	ultimately	to	show	a	more	comprehensive	
approach	 to	 conservation,	where	 the	 benefits	 that	 ecosystems	 are	 providing	 now,	 and	 the	
potential	 services	 that	 they	 can	 provide	 in	 the	 future,	 should	 be	 included	 and	 targeted	 for	
future	areas	of	conservation,	and	avoid,	if	not	all,	major	infrastructural	development	that	can	
cause	severe	impacts.		











Evaluating different strategies for Conservation Prioritisation in the Western Amazon 
	
 Chapter 4 118








4.4.1 BASELINE RESULTS AND ANALYSIS  
The	most	 relevant	parameters	 to	 evaluate	 conservation	 strategies	were	 identified	above	 in	
Table	4‐2,	because	they	respond	to	questions	about	mapping	ecosystem	services,	biodiversity	
and	 conservation	 priorities	 in	 the	 Western	 Amazon,	 thus	 their	 results	 are	 presented	 and	
analysed	as	a	baseline	scenario	that	established	the	current	status	of	the	issues.	Though	the	
indices	are	scaled	0	to	1	globally	in	Co$ting	Nature,	I	re‐scaled	them	from	0‐1	regionally	at	the	
Western	 Amazon	 for	 this	 study.	 This	 re‐scaling	 allows	 for	 a	 regional	 understanding	 of	 the	
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Table	4‐4	Mean	and	standard	deviation	values	for	the	indices	for	the	Western	Amazon	region	(normalised	
regionally,	0‐1).	The	last	five	highlighted	indices	are	bundles	of	several	parameters.		
Variable             Western Amazon = 4,2 million Km2 units MEAN STD 
Relative potential carbon value index 0-1 regionally 0.4958 0.1408
Relative potential hazard mitigation ecosystem 
services 
0-1 regionally 0.5246 0.197
Relative potential nature-based tourism index 0-1 regionally 0.0002 0.003
Relative potential water provisioning services 
index 
0-1 regionally 0.8923 0.2221
Relative realised hazard mitigation ecosystem 
services 
0-1 regionally 0.0146 0.0335
Relative realised nature-based tourism services 
index 
0-1 regionally 0.0124 0.0493
Relative realised water provisioning services index 0-1 regionally 0.0536 0.0317
Relative threatened biodiversity index of red-list 
species (mammals, amphibians, reptiles, birds) 
0-1 regionally 0.7405 0.1557
Relative conservation priority index 0-1 regionally 0.3742 0.1841
Relative pressure index 0-1 regionally 0.0628 0.1266
Relative threat index 0-1 regionally 0.7006 0.0456




Relative total potential services index 0-1 regionally 0.7136 0.1771
Relative total realised bundled services index 0-1 regionally 0.4971 0.133
Relative total nature conservation priority index 0-1 regionally 0.6582 0.0724
Relative total ES and nature conservation priority 
index (potential services) 
0-1 regionally 0.7363 0.1191
Relative total ES and nature conservation priority 
index (realised services) 
0-1 regionally 0.6805 0.0881 
Relative total development priority index 
(potential services) 
0-1 regionally 0.6212 0.0881
Relative total development priority index (realised 
services) 
0-1 regionally 0.8557 0.0309
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4.4.2 REALISED AND POTENTIAL ECOSYSTEM SERVICES IN THE 













sequestration	 is	 an	 active	 process	 which	 contributes	 permanently	 to	 the	 carbon	 stocks	
(Mulligan,	 2014a).	 The	 amount	 of	 this	 contribution	 depends	 on	 the	 time	 lapse	 considered,	
though	carbon	sequestration	is	normally	expressed	in	metric	tonnes	of	carbon	per	year.			
The	potential	of	water	provision	for	the	Western	Amazon	is	comparatively	the	highest	valued	
potential	 service.	 The	 mean	 value	 across	 the	 4.2	 million	 Km2	 is	 at	 0.89±0.22	 (scale	 0‐1	
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These	local	values	are	close	to	zero	on	water	potential	provision,	and	these	impacts	are	carried	
downstream	causing	decrease	all	the	way	across	the	Peruvian	Amazon	and	reaching	the	tri‐
national	boundary	point	 in	Leticia,	Colombia,	where	 the	Amazon	River	 flows	 through	Peru,	
Colombia	and	goes	into	Brazil	(Figure	4‐11b).	
The	hazard	mitigation	potential	services	map	(Figure	4‐11c)	shows	a	different	pattern,	which	
is	 dominated	by	 the	mitigation	 services	 of	water	 bodies	 and	 vast	 floodplain	 areas	 that	 are	
protected	(as	part	of	a	protected	area	from	the	WDPA	2012).	It	also	has	a	high	correlation	with	
tree	cover,	which	is	counted	positively	in	the	index,	as	it	provides	protection	against	erosion	
and	 landslides,	 on	 one	 hand,	 and	 also	 helps	 on	 drought	 mitigation.	 Lower	 values	 indicate	
relatively	 low	service	provision,	especially	 in	 the	southern	part	of	 the	basin,	where	despite	
being	natural	and	well‐maintained	ecosystems,	such	as	the	shrub	forest	and	inundated	forest	
in	the	Bolivian	Amazon,	the	tree	cover	fraction	is	close	to	zero.	Since	it	is	a	naturally	flooded	











and	 cities.	 	 These	 areas	 have	 simultaneously	 high	 conservation	 value	 (based	 on	 the	
conservation	delphics),	scenic	view	potential	(based	on	slope),	and	low	human	footprint	on	
water	(based	on	the	percentage	of	the	water	balance	that	may	be	polluted).			
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Alternatively,	when	summarised	by	protected	areas,	there	are	high	potential	values	over	small	
protected	 areas	 in	 the	 Andes,	 such	 as	 the	 Cutervo	 National	 Park	 in	 Peru,	 or	 areas	 of	 high	
mountains,	 such	 as	 the	Huascaran	National	Park,	where	 the	White	Ridge	 shows	one	 of	 the	










downstream,	 with	 low	 human	 footprint,	 is	 being	 used	 (Figure	 4‐12b).	 The	 frequency	
distribution	of	approximately	90%	of	 the	data	 is	below	the	0.05	bar,	which	shows	how	the	
location	of	a	service	is	very	important	when	its	beneficiaries	simply	cannot	have	access	to	it.	
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thrive	 for	 their	high	carbon	values	 (Figures	13a	 and	13b).	 In	 terms	of	water	provision,	 the	
realised	average	is	very	low	(0.05)	compared	to	the	potential	mean	(0.89).	Regions	of	oil	and	




as	 the	Yasuni	and	Cuyabeno	 in	Ecuador,	or	 the	 Javari	Valley	 in	Brazil,	 are	well	prepared	 to	
mitigate	natural	hazards	(Figure	13e).	Moreover,	these	areas	are	also	home	to	isolated	human	
groups	(Phillips,	2011;	Rival	 in	press),	which	brings	up	their	cultural	value	and	uniqueness,	
although	 this	 is	 not	 considered	 within	 this	 study.	 	 However,	 mitigation	 services	 are	 not	
transferable,	 so	 they	 are	 highly	 realised	 locally	 upstream,	 particularly	 in	 areas	 where	
infrastructure	is	found,	such	as	the	oil	and	gas	extraction	regions	of	Ecuador	(Figure	13f).		
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The	 eastern	Andes	 in	Peru	and,	 to	 a	minor	extent,	 in	Ecuador	are	potential	places	 for	high	
nature‐based	 tourism,	 due	 to	 their	 natural	 scenic	 view	 as	 hill	 sides,	 combined	 with	 their	
accessibility	 through	 the	 existing	 road	 network	 (Figure	 13g).	 Comparatively,	 the	 already	
mentioned	mountains	of	Cotopaxi	and	Chimborazo	in	Ecuador	are	the	current	high	spots	for	
realised	 nature‐based	 tourism	 (Figure	 13h).	 These	 differences	 can	 help	 discerning	 new	
potential	places	that	provide	services,	and	consequently	should	be	conserve.	
4.4.3 NATURE CONSERVATION PRIORITY 
As	it	was	established,	the	nature	conservation	priority	is	a	bundled	index.		These	bundles	take	
into	 account	 that	 an	 ecosystem	 may	 provide	 various	 services	 at	 once	 and	 they	 are	 only	
separated	for	the	purposes	of	measurement	and	valuation.	Hence,	deconstructing	this	index,	
the	biodiversity	map	(Figure	4‐14a)	highlights	the	overwhelming	importance	of	conserving	the	
entire	 Amazon	 for	 its	 threatened	 biodiversity.	 Particularly	 the	 lower	 slopes	 and	 evergreen	
rainforests	 of	 the	 Ecuadorian,	 Peruvian	 and	 Brazilian	 Amazon,	 with	 comparatively	 lower	
values	observed	for	the	upper	areas	of	the	Andes	within	the	Western	Amazon.	In	general,	the	
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Furthermore,	highest	point	values	are	found	in	the	highly	oil	developed	areas	of	North	eastern	




and	 far	 future.	 Above	 ground	 the	 road	 plans	 can	 be	 identified	 going	 across	 the	 Brazilian	











4.4.4 BUNDLED ECOSYSTEM SERVICES AND COMBINED INDICES 
POTENTIAL 
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REALISED 
For	 the	 realised	 services,	 the	maximum	values	of	 the	 index	are	directly	 related	 to	 the	high	
carbon	 value,	 as	 it	 can	 be	 seen	 in	 NorthEastern	 Peru	 (Figure	 4‐15b).	 High	 values	 are	 also	
observed	 within	 the	 boundaries	 of	 several	 protected	 areas.	 This	 is	 due	 to	 their	 water	
provisioning	 services,	 as	 it	 can	 be	 seen	 in	 the	 Ecuadorian	Andes,	 as	well	 as	 the	water	 and	
mitigation	services	in	the	Negro	River	just	upstream	from	Manaus	in	the	Eastern	limits	of	the	




high	 current	 pressure	 and	 future	 threat	 coincide	 with	 high	 values	 of	 biodiversity	 and	
conservation	priority.	Hence,	oil	concessions	and	coal	reserves	are	clearly	marked	especially	
where	they	overlap.	Threatened	biodiversity	is	high	over	the	whole	western	region.	None	of	




high,	 and	 ecosystem	 services	 provision	 is	 considered	 to	 be	 low,	 can	 be	 targeted	 for	
development	with	minor	 loss	 of	 ecosystem	 services.	 One	 caveat	 to	 consider	 is	 that	 not	 all	
relevant	data	for	biodiversity	and	protected	areas	are	included	in	the	index	calculation,	hence	
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4.4.5 TOTAL CONSERVATION PRIORITY 
The	 final	baseline	 index	analysed	merges	all	 relevant	variables	 for	conservation	within	 this	
study	 (i.e.	C,	W,	HM,	T,	B,	CO,	PR,	 and	TH).	The	 total	 conservation	priority	 for	 the	Western	
Amazon	 places	 it	 as	 an	 important	 source	 of	 both	 global	 (i.e.	 carbon)	 and	 local	 (i.e.	 water,	
recreational,	hazard	mitigation)	ecosystem	services.	Only	a	small	proportion	of	pixels	in	the	
map	 (the	 Andes	 and	 some	 non‐forested	 areas)	 show	 ecosystem	 services	 provision	
comparatively	 lower	 (Figure	 4‐16).	 However,	 some	 of	 those	 services	 may	 be	 of	 high	
importance	at	a	local	scale,	since	they	were	normalised	at	the	regional	level	from	their	original	
global	indexing.	The	highest	ranked	areas	coincide	with	recognised	zones	of	high	provision	of	





oil	 and	 gas	 regions	 in	 Ecuador	 have	 already	 depleted	 their	 potential	 to	 provide	 ecosystem	
services	 and	 protect	 biodiversity	 in	 comparison	 with	 the	 rest	 of	 the	 Ecuadorian	 Amazon.	
Similarly,	 in	Brazil	 the	highly	deforested	State	of	Rondonia,	 and	 to	 the	west	 the	 city	 of	Rio	
Branco	are	not	providing	the	potential	services	their	natural	ecosystem	once	did.		On	the	other	
hand,	the	Beni	savannah	in	Bolivia	is	not	a	high	provider	of	all	considered	ecosystem	services,	
although	 their	 natural	 cover	 of	 grasslands	 has	 not	 been	 affected.	 Thus,	 understanding	 the	
context	of	the	natural	vegetation	cover	is	important	to	interpret	this	results	properly.	
The	prioritisation	process	is	further	analysed	within	the	17%	of	the	area	(~700,000	Km2)	with	
the	 highest	 value	 for	 ‘conservation’.	 This	 threshold	was	 identified	 as	 a	 pertinent	 as	 it	was	
agreed	 in	 Aichi	 Target	 11	 for	 2020,	 by	 the	 CBD	 10th	 Conference	 of	 the	 Parties	 and	 all	 its	
signatories	(IISD,	2010).			
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Figure	4‐16	Total	Conservation	Priority	Index	(normalised	regionally	from	0–1)	for	the	Western	Amazon	
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New	patterns	 are	 observed	 in	 Figure	 4‐17	which	 is	masked	 by	 the	 top	 17%	of	 areas	with	
highest	 value	 of	 total	 conservation	 priority,	 placed	 the	 highest	 priority	 to	 the	 areas	 of	 the	
Peruvian	Amazon.	This	area	of	the	Western	Amazon	is	particularly	important	due	to	the	high	
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Figure	4‐17	Top	17%	of	the	area	of	Total	Conservation	Priority,	equivalent	to	700,000	Km2	
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Lastly,	this	top	17%	account	for	700,000	Km2	of	the	Western	Amazon,	in	which,	despite	being	
an	 area	 with	 low	 population	 density,	 	 approximately	 90	 million	 people	 live	 (according	 to	
LandScan	data,	Bright	et	al.,	2008),	and	consequently	depend	on	these	ecosystem	services.	
4.5 CONSERVATION PRIORITIES IN THE OIL EXTRACTIVE AREAS 

















with	 the	 others,	 the	 ES	 scenario	 is	 the	 most	 comprehensive	 strategy	 for	 conservation.	
Nevertheless,	the	Conservation	(CONS)	policy	option	is	the	most	effective	to	highlight	areas	for	
biodiversity	conservation,	with	decent	conservation	of	ecosystem	services	as	well.		
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Figure	4‐18	Mean	values	 for	 five	bundle	 indices	 for	 the	baseline	 scenario	and	 the	 three	policy	options,	
derived	from	the	Oil	Extraction	focus	area	in	the	Western	Amazon		












































BSL CONS ES PRTH
Total Conservation Priority (ESpot+Nature) Total Development Priority (ESpot)
Total Nature Conservation Priority Total Realised Conservation Priority (ESrea+Nature)
Total Development Priority (ESrea)
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driven	 by	 international	 and	 local	 environmental	 policy	 could	 find	 a	 trade‐off	 between	





Western Amazon section 
BSL CONS ES PRTH 
Total Conservation Priority 
(ESpot+Nature) 
0.34 0.33 0.75 0.26 
Total Development Priority 
(ESpot) 
0.40 0.38 0.56 0.18 
Total Nature Conservation 
Priority 
0.26 0.56 0.17 0.43 
Total Realised Conservation 
Priority (ESrea+Nature) 
0.16 0.30 0.19 0.30 
Total Development Priority 
(ESrea) 
0.72 0.31 0.89 0.19 
indices 
Oil and Gas Concessions Only 
BSL CONS ES PRTH 
Total Conservation Priority 
(ESpot+Nature) 
0.33 0.32 0.71 0.27 
Total Development Priority 
(ESpot) 
0.42 0.39 0.57 0.18 
Total Nature Conservation 
Priority 
0.27 0.55 0.18 0.45 
Total Realised Conservation 
Priority (ESrea+Nature) 
0.16 0.29 0.18 0.31 
Total Development Priority 
(ESrea) 
0.72 0.32 0.89 0.20 
	
The	 areas	outside	oil	 and	gas	 concessions	are	 assumed	 to	have	no	direct	 impact	by	 the	oil	





significance	 of	 maintaining	 the	 potential	 services	 particularly	 in	 these	 top‐valued	 areas.	
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indices Top 17%, outside concessions 
BSL CONS ES PRTH 
Total Conservation Priority 
(ESpot+Nature) 
 0.38   0.41   0.94   0.30  
Total Development Priority 
(ESpot) 
 0.50   0.53   0.64   0.26  
Total Nature Conservation 
Priority 
 0.30   0.72   0.26   0.50  
Total Realised Conservation 
Priority (ESrea+Nature) 
 0.18   0.38   0.24   0.34  
Total Development Priority 
(ESrea) 
 0.76   0.41   0.92   0.25  
indices Top 17%, intersecting with concessions 
BSL CONS ES PRTH 
Total Conservation Priority 
(ESpot+Nature) 
 0.38   0.39   0.93   0.29  
% of total area 45% 47% 34% 60% 
Total Development Priority 
(ESpot) 
 0.51   0.54   0.65   0.26  
% of total area 58% 56% 59% 56% 
Total Nature Conservation 
Priority 
 0.30   0.70   0.25   0.49  
% of total area 69% 47% 38% 60% 
Total Realised Conservation 
Priority (ESrea+Nature) 
 0.18   0.37   0.23   0.34  
% of total area 63% 47% 51% 60% 
Total Development Priority 
(ESrea) 
 0.77   0.42   0.92   0.25  
% of total area 56% 58% 50% 54% 
	
   maximum value within scenario 
Nature	Conservation	Priority	(composed	of B, CO, PR, TH)	is	maximised	in	the	CONS	scenario	
(mean=0.72),	 though	 almost	 half	 of	 these	 areas	 (47%)	 are	 located	 within	 an	 oil	 and	 gas	
concession.	 It	 is	 worth	 mentioning	 the	 fact	 that	 all	 of	 the	 indices	 show	 considerable	
intersection	 (34‐69%)	 with	 oil	 and	 gas	 concessions,	 which	 is	 the	 main	 reason	 of	 conflict	
between	exploiting	 the	hydrocarbons	and	preserving	nature	 (Finer	 et	 al.,	 2008).	Moreover,	
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shows	high	 influence	of	water	provision	and	carbon	services,	detailing	even	the	 flow	of	 the	
waters	downstream	carrying	their	positive	influence	with	this	flow	and	creating	a	scattered	










Amazon,	where	 the	highest	values	of	 the	 index	are	 localised.	This	 scenario	of	pressure	and	
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Figure	 4‐20	 Topmost	 priority	 areas	 for	 Conservation,	 Ecosystem	 Services,	 and	 Pressure	 and	 Threat	
scenarios,	showing	their	overlap	with	oil	and	gas	concessions	and	protected	areas	




positive	 average	water	 balance	 of	 1600	mm/yr,	 and	 a	 calculated	 average	 of	 only	 0.04%	of	
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human	footprint	on	its	waters.	Furthermore,	the	area	has	no	major	oil	concession	overlapping	




Ultimately,	 different	 strategies	 of	 conservation	prioritisation	 yielded	 these	 common	 results	








similar	 datasets	 but	 through	 different	 algorithms.	 The	 purpose	 was	 to	 apply	 independent	
approaches	and	examine	the	difference	in	their	overall	prioritisations.	
They	both	 indicate	many	of	 the	 same	 important	 areas	where	ecosystem	 services	 are	being	
provided	to	people	or	have	the	potential	to	do	so.	However	both	approaches	only	overlap	in	
30%	 of	 the	 masked	 top	 areas.	 When	 analysing	 the	 oil	 concessions	 that	 overlap	 the	 Total	
Conservation	Priority	Index,	TCPI,	(from	Co$ting	Nature),	28%	of	the	top	areas	overlap	for	this	
index	 within	 an	 oil	 concession,	 whilst	 for	 the	 Ecosystem	 Services	 Index	 (ESI),	 (from	 the	
previous	 chapters	 Multi‐criteria	 GIS	 Analysis)	 overlaps	 only	 on	 a	 7%	 with	 oil	 and	 gas	
concessions.	 	The	spatial	patterns	of	 these	 top	areas	differs	 significantly,	due	 in	part	 to	 the	
weighting	process	that	each	one	follows,	but	it	seems	to	be	highly	influenced	by	the	carbon	
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value	index	in	CN,	which	is	dominant	and	brings	a	good	part	of	the	Peruvian	Amazon	to	the	top	





Even	 though	 both	 approaches	 used	 similar	 datasets,	 to	 ensure	 comparability,	 they	 used	
different	 perspectives	 of	 prioritisation.	 The	 bespoke	 analysis	 approach	 was	 focused	 on	
showing	the	specific	impacts	of	oil	extraction,	so	those	localised	high	levels	of	impact	of	the	oil	
industry	were	weighed	heavily	on	those	particular	calculations,	whereas	Co$ting	Nature	shows	
broader	 impacts	 than	 just	 the	 oil	 and	 gas	 industry’s.	 CN	 allows	 to	 place	 in	 context	 all	 the	
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 When	 looking	at	 the	 current	 conservation	efforts	 in	 the	Western	Amazon,	 it	 is	 very	
important	to	avoid	duplication	of	initiatives.	Reflecting	on	the	spatial	overlapping	of	
similar	conservation	priorities	can	shed	light	on	areas	that	lack	presence	of	protected	
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areas	 or	 that	 are	 poorly	 represented.	 Sharing	 openly	 this	 information	may	 help	 to	
better	decision	making	in	new	proposals	of	protected	areas.		
 Getting	to	know	the	current	status	and	health	of	the	ecosystems	at	global	level	is	one	of	
the,	maybe	 the	most,	 important	 tasks	 carried	 out	 by	 the	MA	 scientists	 (MA,	 2005).	
Modelling	tools,	such	as	Co$ting	Nature	(CN),	may	facilitate	this	process	 immensely,	










 The	 intersection	 of	 the	 different	 scenarios	 proposed	 for	 conservation	 prioritisation	
helped	 discerning	 the	 topmost	 areas	 that	 are	 proposed	 to	 be	 a	 no‐go	 zone	 for	
extractives.	Taking	into	account	the	benefits	these	topmost	ecosystems	provide	should	
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of	protection	of	the	17%	of	 land	relevant	to	ecosystem	services	and	biodiversity	 for	
2020.		
 On	 the	 other	 hand,	 the	 topmost	 areas	 prioritised	 for	 conservation	 and	 the	 current	
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In	 this	 chapter,	 I	 analysed	 the	 regional	 and	 local	 significance	 of	 the	 extractive	 industries	
(mining,	and	oil	and	gas)	on	the	water	quality	of	the	Andes	and	Amazonia	in	Colombia,	Ecuador	
and	Peru.	The	WaterWorld	model	(version	2.91,	www.policysupport.org/waterworld)	was	used	
to	 create	 predesigned	 scenarios	 for	 the	 development	 of	 extractives	 based	 on	 ground	 and	
remotely‐sensed	 data.	 They	were	 examined	 in	 a	 separate	 scenarios.	 The	 impacts	 on	water	
quality	(measured	as	the	human	footprint	on	water,	referred	above	in	section	4.2.4.2)	were	
analysed	at	the	regional	scale	for	the	Western	Amazon	and	also	focused	at	the	local	scale	on:	
the	 Grand	 Coello	 basin,	 in	 Colombia,	 which	 is	 highly	 impacted	 by	 mining	 now	 and	 with	
imminent	 new	 developments,	 and	 the	 Tiputini	 River,	 in	 Ecuador,	where	 oil	 extraction	 is	 a	
current	 pressure	 and	 a	 continuous	 future	 threat	 for	 the	 area.	 The	 study	 first	 established	 a	
baseline	 scenario	 of	 all	 current	 human	 footprint,	 including	 extractives	 and	 all	 other	
anthropogenic	influence	on	water	quality.		With	this	baseline	established,	it	was	then	possible	
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5.1.1 THE SIGNIFICANCE OF EXTRACTIVES ON WATER QUALITY 
The	significance	of	extractives	industries	is	normally	addressed	in	terms	of	their	contribution	
to	the	national	economies	(Simoes	and	Hidalgo,	2011)	whilst	their	impacts	on	the	environment	




has	 not	 been	 done	 before	 with	 enough	 detail	 to	 yield	 useful	 results.	 Global	 studies	 have	
contributed	 to	 understand	mining	 risks	 (Miranda	 et	 al.,	 2003)	 and	 fossil	 fuels	 impacts	 on	
biodiversity	 and	 within	 protected	 areas	 (Butt	 et	 al.,	 2013;	 Osti	 et	 al.,	 2011),	 as	 well	 as	
participatory	GIS	has	helped	to	raise	awareness	of	the	conflicts		of	extractives	around	the	world	
(EJOLT,	2014).	However,	 these	global	databases	have	significant	 room	 for	 improvement.	 In	





5.1.2  DISTRIBUTION OF MINING CONCESSIONS IN THE ANDES AND 
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mining	 concession	 in	 Colombia.	 The	 status	 of	 each	 concession	 varies	 from	 no	 activity	 to	
exploratory	 and	 extractive	 activities,	 depending	 on	 how	 the	 government	 agency	 in	 every	





oil	 companies	 in	 the	 countries	 (ECOPETROL,	 2010,	 PETROECUADOR,	 2010,	 PERUPETRO,	












in	 the	 applied	 techniques	 and	 their	 environmental	 impacts,	 as	 it	 was	 earlier	 discussed	 in	
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section	2.8.2.	 	 In	general,	 large	scale	mining	has	a	higher	potential	 impact,	hence	 it	 is	more	
regulated,	and	available	information	on	concessions	and	extractive	activities	is	more	reliable.	
In	contrast,	artisanal	mining,	though	small	and	medium	in	scale,	can	pose	equally	significant	
threats	 to	 the	 environment	 due	 to	 ineffective	 regulation,	 poor	 infrastructure	 and	 unsafe	
practices	(Telmer	and	Veiga,	2009).	The	number	of	artisanal	activities	competing	for	the	same	
resource	in	a	relatively	small	area	creates	a	high	concentration	and	intensive	extraction	(Ashe,	




and	 without	 a	 proper	 environmental	 licence,	 hence	 reliable	 information	 of	 location	 and	
contamination	extent	of	these	activities	is	difficult	to	assess	(Telmer	and	Veiga,	2009).	In	some	
cases,	the	impacts	are	devastating	in	terms	of	deforestation	and	water	pollution,	such	as	the	
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5.1.3 THE GRAND COELLO BASIN AND MINING EXTRACTIVES 
The	Coello	and	Combeima	rivers	together	make	the	Grand	Coello	Basin.	They	run	through	the	
Colombian	Andes	before	reaching	the	Magdalena	River.	The	Grand	Coello	has	a	total	catchment	
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area	of	1,800	Km2	and	125	Km	of	 flow	 length	(Cortolima,	2005).	The	source	 is	 located	 in	a	
paramo	ecosystem	above	3800	m,	and	it	flows	down	through	a	mountainous	region	of	cloud	






















development	 by	 including	 and	 informing	 all	 stakeholders.	 It	 combined	 legal	 and	 social	
mechanisms	 with	 hydrological	 modelling	 and	 negotiation	 supporting	 tools	 to	 develop	
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production	 systems	 for	 agriculture,	 improvement	of	 access	 to	 clean	water	 and	 appropriate	
sanitation,	 are	 amongst	 the	main	 discussion	 points	 to	 ensure	 sustained	 high	 quality	water	
provision	as	the	region	develops	(Candelo	et	al.,	2014).	Ultimately,	this	study	can	contribute	to	
the	 analysis	 and	 discussion	 of	 an	 informed	 process	 of	 decision	making	 through	 the	 use	 of	
advanced	hydrological	modelling	tools	to	project	impacts	of	different	scenarios	of	change	for	
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5.1.4 THE TIPUTINI RIVER AND OIL EXTRACTION 


















and	 significant	 sequestration	 of	 CO2	 as	 evidenced	 in	 the	 discussion	 around	 the	 Yasuni‐ITT	
proposal	 (sections	 2.6).	 The	 potential	 of	 this	 area’s	 ecosystem	 services	 in	 terms	 of	 water	
provision,	 natural	 hazard	 mitigation	 and	 nature‐based	 tourism	 were	 recognised	 to	 be	
importance	in	the	Co$ting	Nature	analysis	of	Chapter	4	(section	4.4.2).		Clearly	individual	new	
operations	 require	 EIAs	 (Environmental	 Impact	 Assessments)	 and	 SEAs	 (Stratetegic	
Environmental	Assessments)	to	operate	at	the	local	 level;	 it	 is	not	the	focus	here	to	replace	
those	 but	 rather	 to	 look	 beyond	 individual	 developments	 to	 the	 connected	 and	 multiple	
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developments	 that	 are	 taking	 place	 at	 the	 landscape	 scale	 in	 order	 to	 understand	 their	
cumulative	impact.		
The	main	information	gathered	to	determine	the	components	of	the	current	analysis	are	put	







5.2.1 MODELLING WITH WATERWORLD  
Obtaining	 a	 comprehensive	 and	 historic	 database	 on	 climatological	 and	 environmental	
variables	at	a	national	and	catchment	scale	in	areas	with	a	poor	history	of	data	collection	is	not	
an	easy	nor	a	practical	task	for	the	whole	of	the	Andes	and	Western	Amazon.	Remote	sensed	
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data,	even	at	a	global	scale,	has	proven	to	be	a	reliable	and	efficient	way	to	provide	up‐to‐date	
and	 scale	 relevant	 information	 to	 support	 and	 improve	 environmental	 modelling	 efforts	
(Bastiaanssen	et	al.,	2005,	Roujean	et	al.,	1992).	The	WaterWorld	model	(version	2.91)	was	
used	 for	 the	 baseline	 and	 scenario	 analyses	 in	 this	 chapter.	 WaterWorld	 is	 a	 web	 based	
modelling	 tool	 that	 enables	 sophisticated	 but	 rapid	 assessment	 of	 the	 spatial	 hydrological	
baseline	of	an	area,	and	the	application	of	diverse	change	scenarios,	including	for	extractive	
industries	development.	This	tool	has	been	widely	applied	and	tested	and	has	proven	to	be	of	
use	 particularly	 in	 areas	 that	 lack	 appropriate	 data	 for	 ground	 based	 characterisation	 of	
hydrology	 or	 for	 problems	 at	more	 policy‐relevant	 scales	where	 ground	 data	 become	 less	
relevant.	 	 The	 system	 provides	 all	 the	 parameters	 for	 the	 model	 application	 using	 global	
databases	 but	 with	 the	 flexibility	 to	 upload	 and	 replace	 the	 provided	 data	 with	 improved	
information	 if	 it	 exists	 (Van	 Soesbergen,	 2013;	 Van	 Soesbergen	 and	 Mulligan,	 2013).	 The	
extractive	industries	scenario	is	applied	for	this	thesis	separately	for	mining	development	and	
oil	 and	 gas	 extraction.	 	 The	 previously	 mapped	 mining	 and	 oil	 and	 gas	 concessions	 are	
projected	to	be	developed	by	a	determined	percentage	and	the	impacts	of	this	development	on	
WaterWorld’s	 water	 quality	 metric	 are	 then	 measured	 and	 compared	 with	 the	 baseline	
simulation	representing	current	conditions.	In	order	to	better	understand	this	process	and	the	
assumptions	 taken	 into	 account,	 one	must	 first	 understand	 the	model	 behind	 the	 tool,	 the	
parameters	it	takes	to	run,	and	the	results	that	are	produced	to	represent	water	quality	in	the	
Andes	and	Western	Amazon.	
5.2.2 THE FIESTA MODEL AS PART OF THE WATERWORLD PSS 
The	 model	 behind	 WaterWorld	 is	 based	 on	 the	 Fog	 Interception	 for	 the	 Enhancement	 of	
Streamflow	in	Tropical	Areas,	FIESTA,	model	(Mulligan	and	Burke,	2005)	which	was	developed	
to	 simulate	 the	 hydrological	 baseline	 of	 mountainous	 catchments	 spatially	 for	 small	
catchments	(10	hectares)	to	the	national	scale,	in	Costa	Rica	(60,000	Km2).	It	was	later	adapted	
to	be	applicable	globally,	by	providing	appropriate	data	since	it	is	a	physically	based	model	that	
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can	be	readily	applied	without	calibration.	It	is	not	calibrated	for	one	specific	location,	which	
allows	for	its	application	anywhere	globally,	(Mulligan,	2012d	).		It	is	a	gridded	model	with	a	
monthly	 temporal	 resolution	 and	 simulates	 based	 on	 a	 mean	 climatology	 for	 1950‐2000	
implemented	 largely	 in	 Python,	 GDAL,	 SciPy	 and	 other	 open	 source	 GIS	 tools.	 The	 model	
calculates	the	surface	water	balance	for	each	cell	and	then	routes	flow	downstream	according	
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As	stated	before,	it	is	calculated	globally	for	the	baseline	and	it	includes	for	its	calculations	the	






5.2.3 DATA INPUTS AND THEIR IMPROVEMENT 
The	SimTerra	database	is	the	mainstay	of	the	Co$ting	Nature	and	WaterWorld	policy	support	





derived	 from	WorldClim	 (Hijmans	 et	 al.,	 2005)	 and	 land	 cover	 data	 (DiMiceli	 et	 al.,	 2011;	
Sexton	et	al.,	2013),		as	well	as	separate	layers	for	cropland,	pasture,	roads,	mining,	oil	and	gas,	
protected	 areas,	 some	of	which	were	 improved	with	 collected	 information	 at	 the	 local	 and	
regional	scales,	as	described	in	the	following	sections.	A	complete	list	of	the	input	datasets	can	
be	found	in	Appendix	G.		
OIL AND GAS DATA 




Amazon.	 The	 information	 published	 by	 the	 State	 Oil	 Companies	 for	 oil	 concessions	 at	 the	
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In	 a	 similar	 manner,	 the	 oil	 and	 gas	 wells	 layer	 was	 revised,	 updated	 and	 corrected	 with	
information	provided,	as	a	vector	point	shapefile,	by	unpublished	sources	of	the	state‐owned	
oil	 companies	 (Ecopetrol	 in	Colombia,	Petroecuador	 in	Ecuador,	and	Perupetro	 in	Peru).	 In	
order	to	include	this	information	within	the	model,	it	was	converted	to	a	suitable	raster,	with	
one	pixel	representing	each	well,	assuming	that	the	area	of	local	influence	is	equal	to	the	pixel	
size	 (1km).	 The	 presence	 and	 correct	 location	 of	 the	 well	 implies	 that	 there	 is	 a	 human	
footprint	 at	 that	 location	 that	will	 be	part	 of	 the	 flow	network	 and	potentially	 transported	
downstream.	When	working	at	1	Km2	resolution,	some	areas	of	oil	exploitation	present	more	
than	 one	 (up	 to	 6)	wells	 within	 one	 pixel,	 which	was	 still	 placed	 as	 one	 pixel	 since	 these	
datasets	are	included	in	the	model	as	Boolean	maps,	and	it	is	assumed	that	this	concentration	





governmental	 sources.	 The	 Colombian	 Geological	 Service,	 previously	 known	 as	 National	
Institute	of	Geology	and	Mining	Research,	INGEOMINAS,	is	in	charge	of	producing	and	updating	
the	cartography	of	geological	resources	(Servicio	Geologico	Colombiano,	2014),	and	together	




Control	Minero,	 2012),	 based	 on	 the	 information	 of	 the	National	 Institute	 of	Metallurgical,	
Geological	 and	Mining	 Research,	 INIGEMM.	 This	 cadastre	was	 used	 to	 improve	 the	mining	
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concession	 data.	 Similarly,	 the	 information	 from	 the	 Mining	 Cadastral	 Geological	 System	
(Sistema	de	Informacion	Geologico	Catastral	Minero,	2014)	was	used	to	improve	the	mining	
information	 for	 Peru.	 This	 information	 was	 provided	 by	 the	 Geological,	 Mining	 and	
Metallurgical	Institute	INGEMMET,	of	Peru	(Instituto	Geologico	Minero	y	Metalurgico,	2014).	







5.2.4 RUNNING A HYDROLOGICAL BASELINE FOR THE WESTERN 
AMAZON AND ANDES  
Similarly	 to	 the	 Co$ting	 Nature	 environment,	WaterWorld	 is	 hosted	 within	 the	 Ecoengine	
platform,	which	is	the	computerised	framework	that	hosts	the	models.	Although	it	is	applicable	
globally,	it	works	one	tile	at	a	time,	so	considerable	GIS	post‐processing	was	needed	to	yield	








of	 Colombia,	 and	 the	 Tiputini	 basin	 in	 the	 Ecuadorian	 Amazon.	 For	 these	 two	 cases,	 the	
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For	 both	 resolutions,	 SimTerra	 datasets	 are	 provided	 within	 the	 PSS.	 Additionally,	 the	
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improved	information	described	above	is	used	to	replace	the	corresponding	SimTerra	maps	
by	converting	them	to	the	tile	system	for	the	area	of	study	of	 this	chapter.	 	The	main	 input	





Parameter units Reference 
Cover of bare ground  fraction Mulligan, 2013
Cover of herb-covered ground  fraction Mulligan, 2013
Cover of tree-covered ground  fraction Mulligan, 2013
Elevation  metres Lehner et al., 2013 
Local drainage direction  directions Lehner et al., 2013 
Mean annual cloud frequency  fraction Mulligan, 2006
Mean monthly precipitation  mm/month Hijmans et al., 2005 
Mean monthly temperature  mm/month Hijmans et al., 2005 
Mining concessions unique ID INGEOMINAS, 2008; ARCOM, 2012; 
INGEMMET, 2013 
Oil and gas concessions unique ID ECOPETROL, 2010; PETROECUADOR, 
2010; PERUPETRO, 2010 
Population density persons/km2 Bright et al., 2008 
Presence of mines unique ID Mulligan, 2010a 
Presence of oil and gas wells  unique ID Mulligan, 2010b 
Roads  type FAO, 2006





set	 of	mean	 climatological	 conditions.	 Population	 density	 and	 distribution	 data	 are	 also	 of	
major	importance	for	this	analysis,	including	the	presence	of	roads	and	location	of	urban	areas,	
both	 as	 sites	 of	 human	 footprint	 and	 areas	 where	 water	 quality	 has	 an	 impact	 of	 human	
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extractives	pose	on	this	water	 feature	 for	the	region	of	study.	The	variable	examined	is	 the	
human	 footprint	 on	 water	 quality	 (HF),	 which,	 as	 described	 above	 in	 section	 5.2.1,	 is	 a	
compound	hydrological	metric	of	water	quality.	 The	HF	 index	 is	 used	as	 a	proxy	 for	water	
quality,	since	it	aggregates	human	influences	on	water	and	cumulates	them	downstream	along	
the	 flow	 network.	 	 Essentially	 for	 each	 pixel	 in	 a	 hydrological	 drainage	 network	 the	 HF	
considers	 two	 main	 components:	 first,	 the	 flow	 from	 upstream	 precipitation	 on	 a	 human	
influenced	land	use	that	may	contain	point	(mining,	oil	and	gas,	roads)	or	non‐point	(croplands,	
pastures,	urban	areas)	potential	sources	of	contamination;	and	second,	the	flow	of	water	from	
precipitation	 on	 “natural	 land”,	 which	 has	 no	 human	 land	 use	 or	 is	 protected	 and	 thus	 is	









5.2.5 PREPARING A SCENARIO OF FUTURE DEVELOPMENT 
With	the	aim	of	analysing	the	significance	of	mining	and	oil	and	gas	extractives	development,	
this	section	explains	how	I	designed	scenarios	for	development	of	mining	and	oil	and	gas	in	the	
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region.		First	of	all,	both	extractives	are	modelled	in	different	scenarios	to	better	identify	the	
extent	of	change	of	each	extractive	activity	in	the	region.		
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more	complex	than	points,	as	it	can	be	seen	in	some	high	resolution	imagery	with	the	pixels	on	
both	1Km2	(Figure	5‐7a),	and	1	Ha	(Figure	5‐7b)	resolutions,	that	rasterising	the	data	allows	
for	 sophisticated	 spatial	modelling	while	maintaining	 an	 appropriate	 representation	 of	 the	
complexities	of	the	real	mining	polygons.	Figure	5‐7	shows	several	mining	sites	mapped	in	the	





OIL AND GAS CONCESSIONS DEVELOPMENT 
The	approach	for	oil	and	gas	concessions	 followed	a	similar	principle.	First,	all	 the	mapped	
sites	with	 a	 presence	 of	 oil	 and	 gas	wells	 and	 infrastructure	were	 included	 and	 rasterised.	
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number	 for	 the	 region,	 so	 it	was	used	as	 the	 input	percentage	of	 change	 in	 the	oil	 and	gas	
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a)	 land	 cover	 change	 (LCC)	model	 and	 the	 subsequent	 b)	 land	 use	 change	 (LUC)	 extractives	
scenario	for	surface	mining	
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Baseline Mining Oil and gas 
Colombia 1 Km2 1 Km2 -
Ecuador 1 Km2 - 1 Km2
G. Coello 1 Ha 1 Ha -




and	 details.	 Firstly,	 the	 baseline	 human	 footprint	 is	 evaluated	 for	 the	 Andes	 and	Western	
Amazon	 regions,	 and	 then	 the	 focal	 areas	 of	 the	 Grand	 Coello	 and	 Tiputini	 Rivers.	 The	
development	scenarios	for	Mining	and	Oil	and	gas	are	analysed	at	the	same	scales	and	detail.	
5.3.1 THE BASELINE HUMAN FOOTPRINT ON WATER QUALITY 
The	baseline	scenario	was	masked	out	to	only	present	the	mining	and	oil	and	gas	concessions	
for	 a	more	 relevant	 analysis	 of	 the	 current	 human	 footprint.	 Oppositely,	 the	 development	
scenarios	extend	to	areas	outside	the	concessions,	since	the	impacts	on	water	quality	may	flow	
downstream	and	reach	areas	outside	these	man‐made	boundaries.			
5.3.1.1 BASELINE WATER QUALITY WITHIN MINING CONCESSIONS 
The	baseline	HF	calculated	for	the	whole	region	was	masked	by	the	mining	concessions,	but	
the	levels	of	potential	contamination	still	vary	across	the	full	range	0	to	100%.	In	fact,	there	is	
a	 significant	 group	 of	 concessions	 in	 Zamora,	 South	 Ecuador	 currently	 not	 developed	 and	
located	in	remote	and	sparsely	populated	areas,	showing	very	low	HF	(<5%,	Figure	5‐10a).		
Analysing the Regional Significance of Extractive Industries 
on the Water Quality of the Andes and Western Amazon 
	






formed	 state‐owned	 mining	 company	 of	 Ecuador	 is	 pushing	 forward	 a	 potential	 mining	
development	 in	 the	 near	 future	 (Empresa	 Nacional	 Minera	 del	 Ecuador,	 2013).	 A	 similar	
situation	 can	be	 identified	 in	 the	Andean	 region	of	 Intag,	Northern	Ecuador,	where	 several	
mining	concessions	are	located,	despite	the	local	populations’	persistent	counterattacks	to	the	
mining	 development	 efforts	 (Bebbington	 et	 al.,	 2008).	 Furthermore,	 these	 concessions	
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an	average	of	60%	of	the	HF	coming	from	agricultural	and	grazing	lands,	whilst	a	minimum	2%	
was	directly	related	to	mining	sites.	









between	 0	 and	 1	 according	 to	 cover	 for	 croplands	 and	 pasture),	 the	 index	 represents	 the	
aggregation	of	all	 those	activities	coming	 from	upstream	to	a	point	of	measure.	 	Hence,	 the	
average	baseline	HF	for	all	the	mining	concessions	is	23%	(Table	5‐3).		Values	of	zero	HF	are	
included	in	the	average	as	those	pixels	are	assumed	to	be	areas	where	all	available	water	is	
free	 from	 human	 impact,	 though	 they	 only	 account	 for	 10%	 of	 the	 concessions	 area.	 The	








All 0 100 3,200,000 147,000 23.0 1.00




Zero  0 0 0 14,300 - 0.10 
Positives (MOI) 0 47000 4,300,000 132,000 33.5 0.91
Analysing the Regional Significance of Extractive Industries 
on the Water Quality of the Andes and Western Amazon 
	
 Chapter 5 173
   




on	 average,	 the	 absolute	 numbers	 (i.e.	 area	 affected)	 would	 be	 comparatively	 greater.		
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Looking	in	detail,	Northeast	Ecuador	shows	a	distinctive	pattern	of	point	sources	of	potential	
contamination	 that	 are	 then	 diluted	 but	 still	 transported	 downstream	 (Figure	 5‐11b).	 As	




reaching	 outside	 the	 area	 of	 concession	 and	 consequently	 affecting	 other	 regions	 off‐site,	
which	 in	 this	 case	 is	 the	 heart	 of	 Yasuni	 National	 Park.	 Clearly	 for	 different	 types	 of	
contaminant	the	safe	exposure	will	differ	such	that	agricultural	nitrates	may	still	be	safe	at	a	
fraction	of	1%	but	mining	residues	including	cyanide	may	have	safe	limits	much	lower	and	this	
has	 to	be	 factored	 in	when	examining	 the	downstream	decay	 in	order	 to	plot	above	which	
concentration	footprints	are	still	significant	for	human	health	or	other	impacts.	
The	current	HF	baseline	shows	high	footprint	(HF>50%)	in	the	Llanos	area	in	Northeastern	





was	 calculated	 (Table	 5‐4),	 which	 is	 comparatively	 lower	 than	 the	 mean	 for	 the	 mining	
concessions	baseline.	This	is	due	to	the	extent	of	oil	and	gas	concessions	located	in	the	Western	
Amazon,	 where	 there	 is	 relatively	 low	 extractive	 development	 and	 relatively	 low	 human	
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Variable of interest  Min  Max  Sum  Count  Mean Area Fraction
 
Oil and Gas Concessions 
HF (%) 
All 0 100 19,500,000 1,210,000 15.3 1.00
Zero 0 0 0 450,000 - 0.38
       
population density 
(persons/Km2)   
Zero 0 0 0 450,000 - 0.38 
Positives 0 55000 33,900,000 770,000 38.0 0.62
	





Nevados	National	Park	displays	 a	pattern	where	HF=0	by	definition	 (protected	areas	 are	 a	
source	 of	 clean	 water	 downstream	 in	 the	 HF	 index	 calculation).	 Despite	 this,	 in	 the	 NW	
concessions,	the	baseline	values	are	already	high	(HF>50%)	due	to	the	pasture	and	croplands	
present	in	the	area.		
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Overall,	 the	mining	 concessions	 in	 the	 region	 have	 a	 baseline	 human	 footprint	 of	 43%	 on	











All 0 100 15,000,000 360,000 43.0 1.00
Zero 0 0 0 8,600 - 0.02
       
population density  
   (persons/Ha)  
    
Zero  0 0 0 8,600 - 0.02 
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5.3.1.4 BASELINE WATER QUALITY IN THE TIPUTINI 
The	situation	for	the	Tiputini	region	contrasts	with	the	findings	for	the	Grand	Coello.	Average	
HF	for	the	whole	area	under	concession	is	only	1%	(Table	5‐6),	which	means	current	pressure	
















Oil and Gas      
       infrastructure 
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Table	5‐6	Statistics	for	the	baseline	human	footprint	and	population	density	for	the	oil	and	gas	concessions	
in	the	Tiputini	region.	
Areas  Min  Max  Sum  Count  Mean Area Fraction
 
Oil and gas concessions  
HF (%) 
All 0 100 1400000 1300000 1.0 1.00
Zero 0 0 0 220000 - 0.17
       
population density  
        (persons/Ha)  
    
Zero  0 0 0 220,000 - 0.17 
Positives 0 97 91,000 1,100,000 0 0.83
	
Nevertheless,	 the	 few	 point	 sources	 of	 potential	 contamination	 are	 spread	 around	 the	
concessions	and	are	of	serious	concern	because	they	overlap	with	the	Yasuni	National	Park.	
This	has	been	recognised	throughout	this	whole	study	as	an	area	of	paramount	importance	due	
to	 its	 uniquely	 high	biodiversity	 (Bass	 et	 al.,	 2010),	 high	potential	 ecosystem	 services,	 and	
currently	increasing	political	significance	nationally	and	worldwide	(Puig,	2013;	Rival,	2014).			
The	 baseline	 components	 have	 been	 established	 and	 analysed,	 so	 now	 the	 development	
scenarios	are	presented,	and	the	significance	of	the	extractive	industries	on	water	quality	is	
discussed	both	at	regional	and	local	scale.	
5.3.2 SCENARIO OF MINING DEVELOPMENT AND ITS IMPACTS ON 
WATER QUALITY 
The	 mining	 development	 of	 5.5%	 of	 the	 concessions	 led	 to	 several	 noteworthy	 changes.	
Resulting	data	were	analysed	at	two	levels,	and	at	the	two	cell‐size	resolutions.	The	analysis	
for	 mining	 was	 done	 for	 the	 Colombia	 tile	 at	 1Km2,	 and	 the	 change	 ()	 between	 the	
development	scenario	and	the	baseline	scenario	is	averaged	by	major	sub‐basin	in	Figure	5‐
14.	The	changes	at	the	sub‐basin	scale	are	relatively	small,	only	reaching	around	2%.	The	major	
impact	 is	 localised	 in	 the	pixels	where	mining	development	was	modelled,	 thus	HF	reaches	
100%	in	almost	800	pixels	(8	Km2	of	land),	as	seen	in	the	histogram	of	the	data	(Figure	5‐15).		
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Variable of interest Min  Max  Sum  Count  Mean  Area Fraction
Change in Human 
footprint on water 
(HF %) 
Complete tile 0 2 250,000 1,100,000 0.22 1
Zero 0 0 0 500,000 - 0.44
Positives >0 2 250,000 640,000 0.39 0.56
       
population density 
(persons/Km2) 
Positives (MOI) 0 65,000 39,000,000 640,000 61 0.56
	
The	changes	on	far	distances	in	the	river	network	are	all	below	0.5%,	which	at	first	glance	can	
seem	 insignificant.	 However,	 considering	 that	 mining	 tailings	 can	 contain	 cyanide,	 the	
maximum	 level	 for	 drinking	water,	 established	by	 studies	 of	 the	 Environmental	 Protection	
Agency	 of	 the	 United	 States,	 is	 0.2	 mg/L	 or	 200	 ppb,	 parts	 per	 billion,	 (Environmental	
Protection	Agency,	2013).	That	is	a	percentage	of	0.000000002%,	which	places	these	figures	
of	human	footprint	 from	mining	activities	 in	a	completely	different	perspective.	Clearly,	 the	
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number	 of	 people	 that	 would	 be	 affected	 sums	 to	 39	million	 people	 (Table	 5‐7),	 which	 is	
approximately	80%	of	the	total	population	of	Colombia.		











La Colosa concession 
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All	major	changes	occur	within	the	areas	of	the	concessions,	reaching	localised	values	of	100%	
in	HF	change.	This	high	 impact	 is	rapidly	diluted,	 though	 it	 is	still	perceptible	downstream.	
Nevertheless	 this	 small	 change	 can	 be	 of	 relevance	when	 it	 comes	 to	mining	 residues.	 For	














be	 affected	 by	 these	 developments	 (Table	 5‐8).	 Furthermore,	 the	 impacts	 of	 these	
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Areas  Min  Max  Sum  Count  Mean Area Fraction
Change in Human 
footprint on water 
(HF %) 
Basin (only positives) 1.1 2.5 290,000 190,000 1.5 1.00
Mining concessions 1.1 2.5 170,000 110,000 1.5 0.55 
    
population density 
   (persons/Ha)  
    
Positives 0 480 340,000 190,000 2 1.00
	
5.3.3 SCENARIO OF OIL AND GAS DEVELOPMENT AND ITS IMPACTS 







river	 network	 system	 is.	 	 Figure	 5‐18	 highlights	 in	 reddish‐brown	 the	 basins	 with	 major	
changes	due	to	the	modelled	development.	The	first,	in	the	north	of	Peru	is	the	Corrientes	River,	
which	currently	has	several	oil	extraction	activities	present,	hence	the	model	assigns	further	
development	 in	 the	 neighbouring	 pixels.	 These	 changes	 are	 carried	 downstream	 to	 its	
confluence	with	the	Tigre	River,	and	then	the	Marañon	even	further	downstream.	The	other	
relevant	 basin	 with	 HF>2%	 is	 the	 Ucayali	 in	 the	 centre	 of	 the	 Peruvian	 Amazon,	 which	
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Impact	 Assessments	 (EIAs)	 presented	 for	 environmental	 approval	 to	 the	 authorities	 and	
agencies	for	extraction	activities	do	not	include	this	important	consideration.	 	The	potential	
impacts	of	the	activity	travel	far	down	the	flow	network,	and	could	certainly	cross	international	
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Peruvian	territory.	Furthermore,	these	impacts	can	accumulate	with	the	extraction	impacts	in	
Peru	 and	 reach	 as	 far	 as	 the	 Brazilian	 Amazon.	 This	 is	 relevant	 both	 as	 chronic	 and	 acute	
contamination	of	oil	and	gas	residues	has	proven	to	be	harmful	and	long‐lasting	(Kimerling,	
1991;	San	Sebastian	and	Hurtig,	2005).	Firstly,	the	model	was	run	for	one	average	year,	whilst	
the	 potential	 contamination	would	 accumulate	 over	many	 years,	 even	 if	 it	 is	 at	 very	 small	





Brazil	 in	 less	 than	 10	 days	 after	 the	 spill	 accident	 (HOY,	 2013).	 Modelling	 tools,	 like	
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Even	 though,	 the	 calculated	 value	 for	 the	 area	 of	 development	was	 smaller	 for	 oil	 and	 gas	
concessions	 (1.22%)	 than	 the	 mining	 concessions	 (5.5%),	 if	 the	 absolute	 numbers	 of	 the	








Variable of interest  Min  Max  Sum  Count  Mean Area Fraction
 
Change in Human footprint 
on water (HF %) 
All basins  0 2.3 840,000 1,400,000 0.61 1
Oil and gas concessions  0 2.3 480,000 560,000 0.86 0.4
       
population density  
   (persons/Km2)  
Positives  0 49,000 4,700,000 860,000 5.5 0.62
       
	
5.3.3.1 CHANGES IN HUMAN FOOTPRINT OF THE TIPUTINI BASIN 
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inside	 the	park,	operated	by	 the	spanish	company	Repsol‐YPF,	and	 it	will	have,	 in	 the	near	
future,	 further	extractive	activities	occurring	in	the	eastern	concessions	already	assigned	to	
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The	 number	 of	 people	 living	 in	 the	 area	 and	 directly	 affected	 by	 modelled	 activities	 is	
calculated	 to	 be	 550	 since	 there	 are	 no	 big	 settlements	 in	 the	 region	 (Table	 5‐10).	 These	
number	may	seem	low	compared	to	the	previous	analysis	on	mining	scenarios.	However,	the	
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Areas  Min  Max  Sum  Count  Mean  Area Fraction
Change in Human 
footprint on water 
(HF %) 
Basin -1.3 100 360,000 1,400,000 0.25 1.00
Positives 0 100 360,000 15,000 24 0.01
Oil & gas developments 0.19 100 300,000 3,400 89 0.002 
       
population density  
 (persons/Ha)  
    
Positives 0 10 550 16,000 0 0.01
       
	






These	 locations	have	 an	observed	measurement	 for	 the	Water	Quality	General	 Index,	 IGCA	
(Indice	General	de	Calidad	del	Agua),	which	was	derived	from	the	Water	Quality	Index,	WQI,	





they	both	are	 indices,	 then	 the	 inverse	 function	(i.e.	1‐IGCA)	can	be	used	 to	compared,	and	
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Rio Anaime Paramo 4.4 81.1 18.9 14.5 3533 100
Quebrada Campoalegre 11.3 68.7 31.3 20.0 2073 59
Rio Toche 11.3 68.1 31.9 20.6 2073 59
Quebrada Carrizales 32.7 66.1 33.9 1.2 2052 58
Rio Cocora Dantas 43.5 64.5 35.5 -8.0 2043 58
Quebrada Las Perlas 16.8 62.6 37.4 20.6 1950 55
Rio Bermellon Los Alpes 39.9 64.4 35.6 -4.3 1820 52
Rio Anaime 35.5 64.7 35.3 -0.2 1778 50
Q. Cay Sector alto 44.8 63.2 36.8 -8.0 1611 46
R. Bermellon San Lorenzo 37.8 63.1 36.9 -0.9 1600 45
Rio Coello Penaranda 30.3 58.8 41.2 10.9 1388 39
Q. Cay Sector bajo 24.0 61.9 38.1 14.1 1300 37
Rio Cocora 43.1 63.2 36.8 -6.3 1275 36
Rio Combeima Totumo 24.6 43.0 57.0 32.4 1200 34
Rio Coello Cocora 42.7 57.3 42.7 0.0 1145 32
Quebrada Andes 43.4 64.6 35.4 -8.0 850 24
Rio Coello Caracolito 69.8 55.0 45.0 -24.8 576 16
Quebrada La Barbona 34.9 52.9 47.1 12.2 479 14




indices	can	be	observed	to	match	 in	most	of	 the	 locations.	With	the	premise	 that	upstream	
water	in	this	type	of	mountainous	basins	would	be	expected	to	be	less	impacted,	the	data	were	
organised	 by	 altitude.	When	 plotting	 the	 data,	 including	 the	 normalised	 altitude	 (altN),	 the	
upper	sample	point	in	the	paramo	region	is	very	low,	as	expected,	for	both	indices	(Figure	5‐
23).		
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alt	N difference HF 1	‐	IGCA
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the	 city	 of	 Ibague	 (Rio	 Combeima	 Totumo),	 showing	 a	 higher‐than‐average	 value	 for	 the	
inverse	IGCA	and	a	lower‐than‐average	value	for	HF.		In	any	case,	the	tendency	of	upstream	
points	having	better	water	quality	than	downstream	points	can	be	observed.	One	of	the	caveats	
of	 this	 analysis	 is	 that	 populated	 places	 are	 not	 taken	 into	 account,	 though	 they	 do	 have	
influence	on	water	quality.		















Statistical measure value Statistical measure value 
Mean 3.5668 Minimum -24.774
Standard Error 3.3873 Maximum 32.355
Median -0.0425 Sum 67.769
Standard Deviation 14.7652 Count 19
Range 57.13 Confidence Level (95.0%) 7.11662
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5.4 CONCLUSIONS 








the	 human	 footprint	 on	 water	 demonstrated	 to	 resemble	 correctly	 the	 expected	
patterns	 of	 current	 human	 influence.	 The	 water	 quality	 of	 the	 Andes	 is	 already	
impacted	by	various	anthropogenic	activities,	amongst	which	mining	sites	represent	a	
localised	 impact.	However,	 deeper	 analysis	 and	 extreme	 care	 should	be	 placed	 into	
planning	and	evaluating	new	mining	developments,	especially	with	large‐scale	mining	






by	 human	 activities.	 However,	 the	 few	 localised	 sources	 of	 pollution	 are	 directly	
connected	 to	oil	 and	gas	 infrastructure	 in	 the	 region,	 and	 the	same	baseline	 results	
show	 how	 this	 human	 footprint	 impairs	 water	 quality	 much	 further	 downstream	
following	the	flow	network	and	reaching	outside	the	concessions.	This	consideration	
should	be	included	in	the	Environmental	Impact	Assessments	that	are	required	to	be	
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 The	 scenario	 setup	 chose	 realistic	 changes	 in	 terms	 of	 area	 for	 the	 proposed	
developments.	 The	 detected	 changes	 are	 localised	 in	 the	 few	 pixels	 of	 modelled	
development,	resembling	the	observations	of	real	extractive	activities.	Since	the	only	
change	introduced	are	the	extractive	activities,	the	measured	results	show	exclusively	
their	 impacts	 significance	 and	 extent.	 It	 is	 understood	 that	 the	 impacts	 will	 be	
minimised	 in	 the	 case	 of	 a	 real	 development,	 where	 all	 environmental	 regulations	
would	be	 followed	 to	 avoid	 the	 impacts.	However,	 the	model	helps	 to	visualise	and	
understand	 how	 straightforward	 it	 is	 for	 contaminants	 to	 flow	 downstream.	
Furthermore,	the	model	runs	for	one	average	year,	hence	it	does	not	account	for	the	




an	 influence,	 as	 it	 was	 observed	 in	 the	 baseline	 runs	 in	 the	 Andes.	 	 Modelling	 the	
concurrent	changes	would	yield	more	realistic	results,	but	it	would	fail	on	pinpointing	
the	direct	cause	of	the	measured	changes.		
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 Within	 the	 countries	 of	 study,	 particularly	 in	 the	 area	 of	Madre	 de	 Dios	 in	 Peru,	 a	
significant	portion	of	mining	 extraction	 is	 implemented	 at	 artisanal	 and	 small	 scale	
(Ashe,	2012;	Adler	Miserendino	et	al.,	2013).	Most	of	this	artisanal	mining	sites	are	not	
properly	 regulated,	 hence	 they	 are	 not	 listed	 in	 the	 official	 concession	 inventories	
(Telmer	 and	 Veiga,	 2009),	 so	 it	 is	 difficult	 to	 determine	 their	 extent	 and	 impact.	
Furthermore,	 primitive	 techniques	 used	 in	 these	 sites	 lack	 safety	 and	 security	
measures,	thus	making	them	more	likely	to	produce	contaminants.	The	discussion	on	
why	 these	 groups	 of	 artisanal	 miners	 prefer,	 or	 are	 compelled,	 to	 use	 outdated	
techniques	 goes	 beyond	 the	 scope	 of	 this	 study.	 Nonetheless,	 the	 prospective	
application	 of	 these	modelling	 tools	 is	 precisely	 to	 support	 planning	 processes	 and	
environmental	 policy	 making	 and	 enforcement	 by	 the	 regulatory	 authorities	 and	
agencies,	in	co‐participation	with	other	stakeholders.			








recommendations	 of	 the	 current	 application,	 in	 order	 to	 improve	 its	 results.	
Additionally,	 the	 WaterWorld	 model	 accounts	 for	 water‐dissolved	 impacts,	 whilst	
crude	oil	interacts	in	a	completely	different	way	and	does	not	mix	with	water.	Once	in	
contact	with	water,	crude	oil	will	create	a	millimetric	layer	of	oil	that	spreads	on	the	
surface	since	it	 is	 less	dense	than	water	(Larrea,	2009).	This	slick	 layer	is	the	major	
concern	on	a	real	oil	spillage	and	further	development	of	the	modelling	tool	can	help	to	
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of	 decision	making,	 and	 in	due	 course	 to	policy	making	 and	 enforcement,	 as	 it	was	
effectively	achieved	in	the	Grand	Coello	basin	through	the	Citizen	Action	Negotation	
process	 (Candelo	 et	 al.	 2014).	 The	 potential	 of	 these	modelling	 tools	 to	 support	 an	
informed	 decision	 making	 process	 is	 substantial,	 as	 they	 can	 be	 further	 develop	
towards	 the	 specific	 needs	 of	 the	 stakeholders	 facing	 the	 extractive‐development	
scenarios	 that	 the	 Andes	 and	 Western	 Amazon	 will	 potentially	 experience	 in	 the	
coming	years.	
Conclusions, Recommendations and Further Work 
	





This	 research	 as	 a	whole	provided	 insight	 into	 current	 and	potential	 future	 environmental	




of	 this	 thesis	 to	existing	research.	 	Finally,	 recognising	 the	 limitations	 inherent	 to	 research,	
there	is	space	for	recommendations	of	future	work	and	the	implications	of	the	results	for	the	
research	community	and	for	policy	makers.		
I	 start	 by	 emphasising	 here	 that	 this	 research	 did	 not	 seek	 universal	 answers	 –which	 are	
difficult	 to	 come	 by	 in	 complex	 problems	 like	 this–	 but	 rather	 to	 contribute	 substantially	
towards	a	more	geographical,	spatial,	numerate	and	scientific	approach	to	the	evaluation	of	the	
extractive	 industries	 impacts	 for	the	regions	of	 the	Andes	and	Western	Amazon.	The	use	of	




biodiversity	 metrics,	 and	 multiple	 threats	 in	 a	 single	 work	 space	 to	 inform	 and	 suggest	
solutions	on	conservation	prioritisation	issues.	
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6.2 MAIN FINDINGS  






shown	 the	 overlap	 of	 oil	 and	 gas	 concessions	with	 protected	 areas	 and	 indigenous	
territories	 with	 implication	 on	 biodiversity	 (Finer	 et	 al.,	 2008)	 and	 socio	 political	
conflicts	 (Orta	Martinez	 et	 al.,	 2007).	 The	 contribution	 of	 this	 study	was	 to	 include	
considerations	of	ecosystem	services	that	although	connected	to	the	conservation	of	




services,	biodiversity,	current	pressure	and	 future	 threats.	The	 inclusion	of	multiple	
considerations	with	 a	 singular	 aim	 of	 conservation	 yielded	 a	 comprehensive	 set	 of	
topmost	 priority	 areas	 that	 include	 all	 the	 mentioned	 concerns	 at	 once.	 	 Global	





system,	 but	 additional	 efforts	 should	 be	 directed	 to	 find	 compromises	 between	 the	
imminent	extractive	development	by	the	local	governments,	and	the	recognition	of	the	
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importance	 locally	 and	 globally	 of	 preserving	 these	 areas	 in	 the	 long	 term.	
Recommendation	for	 ‘best	practices’	 in	the	oil	and	gas	sector	have	been	studied	and	
proposed	in	the	oil‐rich	region	of	Loreto,	Peru	(Finer	et	al.,	2013).	The	results	found	for	
conservation	 priorities	 of	 this	 thesis	 can	 contribute	 to	 the	 research	 field	 of	 best	
practices	by	including	the	ecosystem	services	mapping	techniques	that	they	lack.	
 Chapter	5:	Extractive	development	would	significantly	impair	the	water	quality	of	the	
Andes	 and	 Western	 Amazon.	 The	 extent	 and	 magnitude	 vary	 across	 the	 region	
according	to	the	model	outputs.	Baseline	scenario	results	displayed	the	considerable	
contribution	 to	 this	 impairment	 of	 water	 quality	 by	 other,	 non‐extractive	 human	
activities.	Agriculture	in	the	Andes,	as	well	as	urbanised	areas	leave	a	trace	on	the	water	
trail.	However,	modelled	extractive	development	yielded	a	new	set	of	considerations.	





immense	 value	 of	 globally‐	 (e.g.	 carbon)	 and	 locally‐relevant	 (e.g.	 water	 provision)	
ecosystem	 services	 and	 constitute	 the	 habitat	 of	 unique	 high	 levels	 of	 biodiversity.	
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6.3.1. IMPLICATIONS FOR THE RESEARCH COMMUNITY 
 Modelling	tools	that	map	ecosystem	services	have	caveats	and	limitations	that	need	to	
be	considered	and	worked	upon.	The	theory,	datasets,	and	analyses	needed	to	further	






which	 is	 a	 contribution	 to	 this	 research	 field.	 However,	 Co$ting	 Nature’s	 approach	
needs	 further	 work	 in	 terms	 of	 including	 all	 relevant	 datasets,	 and	 minimising	
uncertainty	as	the	other	similar	tools	do,	before	the	scientific	community	agrees	on	a	
method	to	systematically	 identify	areas	of	global	 importance	 for	ecosystem	services	
(Juffe‐Bignoli	et	al.,	2014)	
 Various	 approaches	 on	 conservation	 prioritisation	 have	 been	 established	 at	 global	
extent	by	remarkable	efforts	based	on	biodiversity	conservation,	although	with	some	
overlap	between	them	(Brooks	et	al.,	2006;	Myers	et	al.,	2000);	and	increasingly	more	
comprehensive	 and	 higher‐resolution	 datasets	 are	 becoming	 available	 for	 several	
taxonomic	 groups	 (Naidoo	 et	 al.,	 2013).	 	 Similarly,	 the	 risks	 posed	 by	 oil	 and	 gas	
operations	on	biodiversity	and	protected	areas	have	been	evaluated	at	global	(Butt	et	
al.,	2013),	continental	(Osti	et	al.,	2011),	and	regional	scales	(Finer	et	al.,	2008).	This	
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study	 is	of	 contribution	 to	 the	conservation	community	by	establishing	an	 inclusive	
approach	 that	 identifies	 sites	 of	 simultaneous	 conservation	 of	 biodiversity	 and	
preservation	 of	 ecosystem	 services	 provision,	 which	 can	 be	 used	 to	 reevaluate	 the	
current	 conservation	 priorities	 and,	 if	 necessary,	 to	 propose	 new	 ones.	 Such	 a	




6.3.2. IMPLICATIONS FOR POLICY MAKERS 
 Protected	areas	are	the	foundation	of	global	conservation	efforts,	and	policy	makers	




The	 conservation	 priorities	 found	 through	 the	 modelling	 approach	 in	 this	 study	
contribute	 to	 the	 work	 of	 conservation	 policy	 makers	 in	 two	 ways:	 a)	 it	 helps	








services	 relevant	 sites	 within	 their	 assigned	 concessions.	 	 The	 modelled	 scenarios	
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produced	in	this	study	can	assist	policy	makers	to	establish	these	management	options	
in	 a	 spatially	 explicit	 and	 consistent	 manner.	 Initiatives	 from	 the	 civil	 society	 are	
already	supporting	this	process	such	as	the	voluntary	environmental	standards	for	oil	
and	gas	extractives	proposed	by	Equitable	Origin	(2014),	or	the	Sustainable	Loreto	for	
2021	report	 (Dourojeanni	2011),	which	promote	 the	use	of	 spatial	analysis	 tools	 to	
support	their	cases	for	a	sustainable	and	equitable	development.		The	areas	of	topmost	
priority	 for	 conservation	 found	 in	 this	 study,	 such	 as	 the	 Pacaya	 Samiria	 National	
Reserve	 in	Peru,	 should	be	 legally	 branded	as	no‐go	 zones	 for	 extractives.	This	 is	 a	
difficult	 but	 crucial	 task	 for	 policy	 makers,	 and	 society,	 to	 weigh	 biodiversity	 and	





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This	 appendix	 presents	 two	 additional	 case	 studies	 relevant	 to	 the	 historical	 impacts	 of	
‘extractives’	in	the	Western	Amazon,	which	are	similar	and	complementary	to	those	presented	
in	Section	2.9	
THE SARAYAKU VICTORY 
In	a	similar	way,	the	social	conflicts	that	arose	from	the	oil	and	gas	exploration	in	Sarayaku	
territory	(Southeastern	Ecuador)	during	2002	led,	after	a	decade	of	litigation,	to	a	ruling	from	











THE SHUAR STRUGGLE 
Yet	another	example	is	the	Shuar	territory	in	Southeastern	Ecuador,	which	has	seen	several	
conflicts	 from	 the	 early	 1990s	 due	 to	 the	 mining	 concessions	 granted	 to	 international	
companies	by	the	Ministry	of	Energy	and	Mines,	which	ignored	the	overlap	of	concessions	with	
the	 traditional	 Shuar	 territory	 (Latorre,	 2014).	 Several	 confrontations	 have	 taken	 place	





some	 cases	 literally,	 to	 avoid	 the	 ingress	 of	 mining	 companies	 to	 their	 territory	 (Bjureby,	
2006).		
Similarly	 to	 the	 indigenous	groups,	 the	 rural	and	peasant	communities	have	also	showed	a	
strong	 resistance	 in	 certain	 locations	where	mining	 concessions	 have	 been	 granted	 by	 the	



















































SUPPLEMENTARY MATERIAL  
This	section	presents	supplementary	material	to	the	research	paper	titled	 ‘Multicriteria	GIS	











to	 research,	 contact,	 and	 retrieve	 this	 information	directly	 from	 the	 institutions	within	 the	












SimTerra	 database	 (Mulligan,	 2010),	 a	 global	 database	 of	 environmental	 variables	 that	
contains	 gridded	 coverage	 of	 the	 terrestrial	world	 at	 less	 than	 or	 equal	 to	 1Km	 resolution	
(http://www.policysupport.org/simterra).	For	 the	purpose	of	 this	 study	 the	database	was	
queried	and	the	relevant	variables	retrieved.	For	every	variable	of	interest	there	was	a	total	of	





are	 sources	 of	 potential	 ecosystem	 services.	 Similarly,	 biodiversity	 is	 included	 since	 it	 is	
considered	a	vital	and	supporting	part	of	all	ecosystems’	processes.	Furthermore,	taking	into	
consideration	 that	 oil	 and	 gas	 extraction	 is	 a	 potential	 threat	 to	 biodiversity,	 the	 most	
representative	 data	 to	 include	 were	 the	 IUCN	 red	 lists	 for	 mammals,	 birds,	 reptiles	 and	
amphibians;	as	they	indicate	threatened	biodiversity.					
Since	 the	 publication	 of	 this	 paper	 there	 has	 been	 new	 research	 that	 improved	 the	
understanding	at	a	global	level	of	the	risk	of	fossil	fuel	extraction	on	biodiversity.	Butt	et	al.,	
(2013)	 took	 into	 account	 the	 amount	 of	 barrels	 of	 oil	 in	 reserve	 and	 compared	 them	with	
species	 richness	 and	 threatened	 species	 datasets	 in	 order	 to	 identify	 areas	 of	 overlap	 and	
resulting	higher	risk.	Similarly,	Osti	et	al.	(2011),	contributed	with	their	GIS	study	of	oil	and	gas	
developments	 overlapping	 with	 protected	 areas	 and	 world	 heritage	 sites	 in	 sub‐Saharan	




















so	 the	result	equals	 to	 the	maximum	(r=100).	Then,	 the	weight	 is	calculated	with	 this	ratio	
divided	by	the	minimum	fractional	coverage,	which	for	the	oil	wells	is	100/25	=	4	(w=4.00).	
Note	 that	 the	minimum	fractional	coverage	was	assigned	 to	urban	areas,	25%,	since	 it	was	
assumed	that	their	influence	is	related	but	not	immediate	to	the	oil	and	gas	extraction	activities.	
Finally,	the	normalised	weight	is	calculated	with	the	division	of	the	weight	by	the	sum	of	all	






















LIST OF VARIABLES USED IN CO$TING NATURE POLICY SUPPORT TOOL, PROVIDED BY THE 
SIMTERRA DATABASE, EXTRACTED FROM THE POLICY SUPPORT SYSTEM  
Data	is	presented	as	a	list	and	organised	alphabetically	using	the	Description	field	
Module  Description                                                                      page 1 of 3 
97  Accessibility  
177  All mineral deposits  
101  Alliance for Zero Extinction site (2012) 
119  Area of water bodies upstream  
121  Area of wetlands upstream  
69  Biodiversity hotspots (Conservation International) 
26  Carbon stock  
27  Cell area  
28  Cereal crop fraction  
81  Change in tree cover (2000-2010)  
176  Coal bearing areas  
135  Coastline (SWBD)  
68  Coral presence  
23  Cover of bare ground (Landsat/MODIS 2000)  
24  Cover of herb-covered ground (Landsat/MODIS 2000)  
25  Cover of tree-covered ground (Landsat/MODIS 2000)  
59  Croplands (2000)  
39  Dams  
106  DMSP Night-time lights (2000)  
129  Downstream cropland  
127  Downstream irrigated area  
125  Downstream land area  
131  Downstream population  
133  Downstream population considered poor (<$2 per day) 
57  Dry matter productivity  
70  Ecoregions (WWF)  
1  Elevation (Hydrosheds)  
73  Endemic bird areas (Birdlife International) 
65  Endemism richness for (IUCN redlist) amphibians 
146  Endemism richness for (IUCN redlist) birds 
63  Endemism richness for (IUCN redlist) mammals 
181  Endemism richness for ferns  
66  Endemism richness for reptiles  
46  FAO irrigation percentage  
29  Fibre crop fraction  




Module  Description                                                                      page 2 of 3 
140  Floodplain area upstream  
30  Forage crop fraction  
103  Forest loss since pre-human times  
102  Frequency of fire burn events  
31  Fruit crop fraction  
77  GDP projection (SRES B2 scenario) 1990 
78  GDP projection (SRES B2 scenario) 2025 
71  Global 200 ecoregions (WWF)  
44  Globcover land use classes  
74  Important bird areas (Birdlife International) 
100  Key biodiversity areas (2012)  
72  Last of the Wild  
16  Local drainage direction (Hydroshed..  
49  Managed grazers (2005)  
115  Mangroves (1997, UNEP-WCMC/ISME)  
179  Mean rainfed crop suitability (high inputs) 
178  Mean rainfed crop suitability (low inputs) 
120  Mean slope upstream (>10 deg)  
152  Mining concessions  
114  MODIS water mask  
122  Number of dams downstream  
118  Number of dams upstream (GOOD)  
117  Number of observed tsunami since 2000BC (NGDC) 
104  Number of panoramio photos (November 2010) 
150  Oil and gas concessions  
32  Oil crop fraction  
33  Other crops fraction  
60  Pastures (2000)  
175  Percentage of population considered poor (<$2 per day) 
151  Planned transportation routes  
48  Population (2007, Landscan)  
76  Population projection (SRES B2 scenario) 1990 
75  Population projection (SRES B2 scenario, world pop 8.039 billion) 2025 
79  Presence of mines  
80  Presence of oil and gas wells  
61  Protected areas (UNEP-WCMC WCPA) 2012 
137  Protected areas downstream (WDPA)  
136  Protected areas upstream (WDPA)  
143  Protected floodplain area downstream 
142  Protected floodplain area upstream  
34  Pulses crop fraction  
93  Rainfall accumlated down flow lines (Hydro1k)  
116  Relative cyclone hazard frequency index (CHRR) 




Module  Description                                                                    page 3 of 3 
35  Root and tuber crop fraction  
174  Rural populated places  
149  Soil carbon  
64  Species richness for (IUCN redlist) amphibians 
147  Species richness for (IUCN redlist) birds 
62  Species richness for (IUCN redlist) mammals 
180  Species richness for ferns  
67  Species richness for reptiles  
15  Study area (Hydrosheds)  
36  Sugar crop fraction  
107  Terra-i land cover change  
14  Total annual precipitation  
139  Total tree cover downstream  
138  Total tree cover upstream  
105  Touristiness (photos by different users per unit area) 
37  Trees and nuts crop fraction  
55  Underweight population under 5 years old 
128  Upstream cropland  
126  Upstream irrigated area  
124  Upstream land area  
130  Upstream population  
132  Upstream population considered poor (<$2 per day) 
123  Upstream relative cyclone hazard frequency index (CHRR) 
58  Urban Areas  
38  Vegetables and melons crop fraction  
92  Water balance (WorldClim rainfall - CPWF AET) 
134  Water bodies (SWBD lakes)  
111  Wetlands including lakes, rivers and reservoirs 
50  Wildland grazers headcount (2005)  
109 17 model mean precipitation change to 2050s (IPCC SRES A2a) 












Co$ting Nature assumes that conservation and development priority should be defined on 
the basis of data for ecosystem services, biodiversity, current pressure and future threat as 
well as the delphic (expert) prioritizations which already exist. Clearly the development 
value of land is also critical, especially suitability for agriculture and potential productivity as 
well as the potential value of the available natural resources.  These values need to be seen 
within the context of the costs of developing and maintaining their production or extraction 
but also relative to conservation priority: for example the trade-off between protection of a 
high conservation value area and its value for rare-earth mineral mining may be different to 
the tradeoff between high conservation value and low-productivity agricultural development 
potential.  Co$ting Nature V2.x * focuses on assessing conservation priority and the 
tradeoffs between protection of different ecosystem services, biodiversity and threatened 
places and does not examine the trade-offs between  benefits from conservation and 
benefits from developmental land uses. 
	 POTENTIAL	AND	REALIZED	ECOSYSTEM	SERVICES	
We make the distinction between environmental and ecosystem services and between 
potential and realised ecosystem services (see Mulligan et al., 2010).  Environmental 
services are considered here to represent those services provided by the environment and 
not necessarily manageable through land use management: for example cloud affected 
forests that occur on tropical mountains are considered to provide significant water 
resources to downstream communities.  This is in part because these forests occur in high 
rainfall, headwater areas which are also exposed to frequent cloud and fog, meaning that 
solar radiation, temperature and thus evaporation are low compared with lowland forests 
(Mulligan and Burke, 2005; Saenz and Mulligan, 2013).  Cloud affected forest environments 
thus do provide significant water resources but this is a function of the climate in which they 
occur rather than the cloud forest ecosystem itself.  On the other hand cloud affected forests 
also receive inputs of water from cloud water interception (CWI, sensu Bruijnzeel et al., 
2011).  This is additional to the rainfall received and is greater to forests than to pastures 
because of the higher leaf and epiphytic surface area of forests.  CWI is truly an ecosystem 
service: if the forest ecosystem is replaced with low pasture then this input of water 
decreases: land use and management impact the delivery of this service and it is thus 
manageable at the local scale. 
We also make the distinction between potential and realised ecosystem services.  Potential 
services are provided but not necessarily received by human beneficiaries.  For example a 
cloud affected forest may provide volumes of clean water but if there are no populations 




The potential service should not be ignored since it may be realised in future through 
population growth or infrastructural development downstream.  Moreover, it may already 
support non-human benficiaries such as riparian ecosystems.  Realised services are 
produced and  also consumed by (proximal or distal) beneficiaries.  For carbon storage and 
sequestration all potential services are also realised since all carbon sequestered benefits 
us all in mitigating climate change.  However for water, hazard mitigation and nature-based 
tourism, for example, the patterns of potential and realised ecosystem services are very 
different since realised services reflect the distribution of beneficiaries in the landscape.   
 
There are many ecosystem services (Costanza et al., 1997; De Groot et al., 2002) but not 
all can be mapped globally since many are highly complex and poorly understood or difficult 
to measure.  Here we focus on key provisioning, regulating and cultural services: in 
particular water quantity and quality (provisioning), carbon storage and sequestration 
(regulating), hazard mitigation (regulating) and nature based tourism (cultural).  We map 
the sites of production of these services since our focus is on managing those sites.  But, 
to distinguish between potential and realized services we also map human beneficiaries 
who may be local (hazard mitigation), downstream (hazard mitigation and water), or global 
(carbon storage and sequestration). 
 
Co$ting Nature produced four key outputs: 
(a) Relative aggregate nature conservation priority index (potential services) captures 
pressured and threatened conservation priority areas with high potential service provision.   
(b) Relative aggregate nature conservation priority index (realised services) captures 
pressured and threatened high biodiversity areas with high realized ES provision.   
(c) Relative aggregate development priority index (potential services) captures already 
pressured areas with low conservation priority and potential service provision.  
(d)  Relative aggregate development priority index (realised services) captures pressured 
areas with low conservation priority and realised service provision.   
 
These metrics are calculated from metrics covering delphic conservation priority, 
biodiversity, ecosystem services, current pressure and future threat. 
	 DELPHIC	CONSERVATION	PRIORITY	
 We calculate delphic conservation priority (Dc) as the normalised mean of the 
presence of Endemic bird areas, global 200 ecoregions, conservation hotspots, important 
bird areas, last of the wild areas and key biodiversity areas.  Thus a pixel that falls in all of 
these prioritisations will have the value 1 whereas a pixel that is covered by 3 out of 6 has 
the value 0.5.  These six prioritisations cover a range of proactive and reactive schemes 
(Brooks et al., 2006) for which data are publicly available. This metric attempts to capture 
conservation priorities that are not captured by the remaining metrics. 
	 ECOSYSTEM	SERVICES	
Ecosystem services can be estimated in biophysical units, but these units cannot easily be 
combined to assess the bundle of services at a site.  Some authors combine services by 
converting them to a common economic currency through valuation (Costanza et al., 1997; 
Troy and Wilson, 2006), others present them separately (Raudsepp-Hearne et al., 2010).  




or the locally highest and lowest values.  The normalised values (expressed in values of 0-
1) can then be combined irrespective of their units.  The analyst can define whether values 
are normalised to a global maxima as would be necessary for global comparisons or local 
maxima to more clearly highlight local patterns. 
 
	 	 Carbon	
Carbon storage and sequestration are distinct services.  Carbon stored in vegetation and 
soil is locked out of the atmospheric system for a period and this contributes to their being 
less carbon in the atmosphere.  Carbon storage is not an active service of the ecosystem 
but rather a consequence of carbon sequestration and of the ecosystem remaining intact 
so that carbon accumulates.  Carbon sequestration is determined by photosynthesis and 
accrues continuously so the magnitude of the service increases over time, contributing to 
carbon stocks in the process.  The total carbon service is thus the combination of carbon 
stocks and carbon sequestration and the balance between the two clearly depends on the 
time period over which sequestration is calculated.  Carbon sequestration is calculated here 
from the dry matter productivity (DMP) analysis of Mulligan (2009b) in which SPOT-VGT 
DMP1 calculated every 10 days at 1km resolution on the basis of change in NDVI, was 
averaged over the period 1998-2008, globally.  DMP (t biomass/ha/yr) is multiplied by 0.42 
(Ho, 1976) to convert to units of tC/ha/yr.    Above-ground carbon stock is calculated from 
Saatchi et al. (2011) for the areas in which data are available and Ruesch and Gibbs (2004) 
elsewhere.  This is combined with soil carbon calculated from the map of Scharlemann et 
al. (2009) to produce total above- and below-ground carbon stocks.  The potential (Cp) and 
also realised(Cr) carbon service is thus the mean of normalised carbon sequestration (Cs), 
normalised above-ground carbon stocks (Ca) and normalised below-ground carbon stocks 
(Cb) (eq 1 and 2).  This is multiplied by the analyst-defined prioritisation weight for carbon 
(SWc) which (as with all analyst-defined weights) defaults to 1. 
 Cp=((Cs+Cb+Ca)/3)*SWc       (eq 1) 




Water is considered a provisioning service here, though it also plays a role in the regulating 
services (see section on hazard mitigation). Potential water services are measured as the 
volume of runoff (rainfall minus evapotranspiration) whose quality is unaffected by human 
activity, cumulated downstream.  This is an indicator of the volume of clean water produced 
by a pixel (Ws).  The human footprint on water quality index (HF) (Mulligan, 2009) is used 
as the indicator of water quality.  The HF considers particular land uses to have the potential 
to contaminate water with sediment, agrochemicals, manures etc.  Land uses such as 
unprotected agriculture and pasture are considered non-point sources and roads, mines, 
oil and gas wells and urban areas are considered point sources. Agriculture in protected 
areas and areas with no human land use are considered to have a human footprint of zero. 
The HF index multiplies the water balance of a pixel by the fractional cover of point and 
non-point sources in that pixel and cumulates this ‘polluted’ water downstream using a 
streamflow network.  The total volume of water flowing is also cumulated downstream and 
																																																													
1The BioPar DMP product is developed by VITO in the framework of the MARS FOOD project. It is generated 




the HF in a pixel becomes the polluted water as a percentage of the total water flowing.  
This is calculated globally and read as input to the model.  The non-polluted volume of water 
expressed as a fraction is considered the potential water service (Wp) of a pixel.  Realized 
water services (Wr) are calculated in a very different way, considering the distribution of 
beneficiaries for hydrological services.  Maps of normalised downstream population, 
irrigation area and number of dams are pre-calculated globally to represent the distribution 
of beneficiaries.  Population (P) is derived from Landscan (2007) and is summed 
downstream at 1km resolution using a drainage network derived from HydroSHEDS 
(Lehner et al., 2008) using PCRaster2 with the downstream total for a pixel assigned to that 
pixel.  For number of dams (D) we use the global dam census of Mulligan et al. (2011) and 
for irrigated land (I) we cumulate the downstream irrigated areas of Siebert et al. (2007) for 
each point.  These provide pixel-level indicators of the distribution of the beneficiaries of 
hydrological ecosystem services at a much finer resolution than previous global studies.    
The potential and realised services are multiplied by the analyst-defined priority weighting 
for water (SWw), which defaults to 1.  Where the analyst requests normalisation to local 
rather than global maxima then the realised water services map is normalised.  
 Wp=Ws*SWw         (eq 3) 
 Wr=Ws*((P+I+D)/3)*SWw       (eq 4) 
 where: **** 
 
	 	 Nature	based	tourism	
For nature based tourism, we again separate potential tourism services from realised 
tourism services.  Potential services are defined on the basis of delphic conservation priority 
(Dc) and accessibility (travel time) to major population centres, assuming that those areas 
that the conservation organisations consider important are also potentially attractive for 
nature based tourism.    In addition to Delphic conservation priority, we used normalised 
slope steepness (S)  as an indicator for scenic beauty and  normalised water services (Ws) 
as an indicator of the abscence of human footprint (agriculture, industry, litter, pollution). 
 
Accessibility is taken from the global grid of Uchida and Nelson (2009), normalised and then 
subtracted from 1 to give accessibility instead of travel time.  The distance decay function 
for population with access (Pa) is calculated using a friction weighted distance from all urban 
centres (defined from Schneider et al., 2009) where the initial ‘friction’ is the normalised 
population (according to Landscan) of the urban centre and the per-cell ‘friction’ is defined 
according to the normalised population multiplied by normalised accessibilty.  This index 
captures the distance decay of population having access to the area (closer populations 
have greater access than those further away, though closer populations may have fewer 
people than more distant ones).   Since we wish to capture rural nature based tourism only, 
the tourism value is calculated only for non urban areas (urban=0 or normalised population 
<0.95 to capture density populated areas not considered urban by Schneider et al. 2009). 
The potential and realised services are multiplied by the analyst-defined priority weighting 
for tourism (SWt). 









Realized nature-based tourism services are estimated from the density of georeferenced 
photographs outside of urban areas that  were available in the Panoramio photo archive in 
* 20**.  These are assumed to equate with high value nature based tourism.  A value of 
‘touristiness’ was calculated as the number of Panoramio photos by different authors in 0.25 
degree tiles globally following the method that Heinla (2010) applied at 0.5 degree resolution.  
The results are masked to exclude urban areas according to the urban areas map of 
Schneider et al. (2009). 
 
	 	 Hazard	mitigation		
Hazard mitigation services are perhaps the most complex to assess since they are a 
function of: 
(a) the potential for multiple hazards to occur and the human and infrastructural exposure 
to those hazards, vulnerability to negative impacts of  hazards.  Exposure and vulnerability  
together define the risk.  
(b) the role of local, upstream or near-coast ecosystems in reducing the potential impact of 
hazards (potential hazard mitigation services).   
 
Realised hazard mitigation ecosystem services are then defined as those areas in which 
ecosystems provide hazard mitigation services but where there is also risk.  Areas with no 
risk may receive potential hazard mitigation services but these services are not realised.  
Hazard potential is determined as: 
(a) the normalised frequency of cyclones according to (Dilley et al., 2005) multiplied by the 
normalised water balance as a measure of high magnitude rainfall event hazards; 
(b) for coastal inundation hazards we calculate distance from coast according to USGS 
(2006) and consider all pixels within 2km as coastal (Co).  We also produce an index of 
lowlying land as: LL=1-(E/30) for all areas from 0 to 30m elevation (E) according to the 
SRTM digital elevation model post-processed by Lehner et al. (2008).  Probability of 
(coastal) inundation  hazard is considered proportional to the normalised probability of 
Tsunami, Tsu, (according to NGDC, 2011)**, cyclones, Cyc, and climatic sea level rise 
(considered for simplicity as equally likely i.e. 1.0 everywhere) for all coastal areas.  The 
probability of indundation hazard thus becomes: 
   HIn=(Tsu+Cyc+1.0)/3)*LL*Co,     (eq 6) 
(c) for landslide hazards we consider the probability of landslides to increase with the 
normalised mean upstream slope gradient.  Upstream slope gradient is pre-calculated using 
the 1km resolution digital elevation model and  flow network of Lehner et al. (2008). 
(d) the potential for flooding is considered proportional to normalised water balance with 
small potential in dry areas and high potential where water is plentiful.  Though many floods 
are fluvial in nature, we use water balance rather than runoff in recognition that floods also 
occur from overwhelmed urban drainage, groundwater flooding and rainfall intensity greater 
than infiltration rates.  These latter types of flood can be somewhat more predictable than 
fluvial floods.   
 
Hazard potential is thus the mean of cyclone, indundation, landslide and flood probabilities, 
normalised either locally or globally.  In addition to hazard potential, we consider hazard 
exposure as the exposure of human populations, activity and infrastructure.  Socio-




(Landscan, 2007),  agriculture (cropland and pasture fractional areas from Ramankutty, 
2008). and infrastructure.  Infrastructural exposure is calculated as the sum of the presence 
of dams (Mulligan et al., 2011), mines (Mulligan, 2010a), oil and gas (Mulligan, 2010b), 
urban areas (Schneider et al., 2009) and roads (FAO, 2010). Exposure is multiplied by 
hazard potential to produce the index of exposure to hazards. 
 
Vulnerability to hazards is considered to scale with normalised GDP and infrastructure: the 
greater the GDP and infrastructure, the greater the capacity to cope with hazards.  Risk (R) 
is then exposure (E) multiplied by vulnerability (V). This is multiplied by the analyst-defined 
prioritisation weight for hazards (FWh), which defaults to 1. 
   R=E*V*FWh       (eq. 7) 
 
Potential hazard mitigation services are then calculated according to a series of 
assumptions, based on knowledge of how ecosystems mitigate these hazards.  We assume 
that landslide (LS) impacts at a point are mitigated according to the proportion of upstream 
area that is tree covered (using tree cover data from Hansen et al., 2006) or protected 
(WDPA, 2012). This because   tree cover reduces potential soil waterlogging and has been 
shown to reduce landslide frequency - ref* and protected areas will tend to have a lower 
agricultural and infrastructural impact - both of which can lead to increased frequency of 
landslides.  Regulation (RE) of drought hazards (for example reduced dry season flows) are 
assumed proportional to tree cover upstream.  Although trees evaporate significant volumes 
of water and thereby reduce flows, they also encourage infiltration that helps to maintain 
dry season flows (pena*).  Flood hazards (FL) are mitigated according to the proportion of 
upstream area that provides flood storage in the form of trees, wetlands (Lehner and Doll, 
2004), water bodies (USGS, 2006) and floodplains (Mulligan, 2010). Mitigation from coastal 
inundation (CI) is considered to be provided by wetlands and mangroves (Spalding et al., 
1997) but only in lowlying and coastal areas. Where they occur inland they are assumed to 
have no coastal inundation mitigation potential.  The total potential hazard mitigation 
services is the mean of coastal, floods regulation and landslide mitigation services. This is 
multiplied by the analyst-defined prioritisation weight for hazards (FWh), which defaults to 
1. 
  HMp=((CI+FL+RE+LS)/4.0)*FWh      (eq. 8) 
 
Realised hazard mitigation (HMr) services are calculated as the minimum of risk (R) and 
potential hazard mitgation srevices (HMp) for areas where risk is greater than 0.  In other 
words if HMp is greater than risk then HMr equals risk and the remaining HMp is unused.  
If risk is greater than HMp then HMr is equal to HMp and some risk remains unmitigated.  
	 BIODIVERSITY	
Focusing on ecosystem services alone ignores the reality that biodiversity is an important 
factor determining nature conservation priority since it has intrinsic value (Oksanen 1997; 
Ghilarov, 2000;  Justus et al., 2009). Biodiversity also supports a range of ecosystem 
services including pest control (Bianchi et al. 2006), ecosystem stability (Tilman et al., 2006) 
and plant genetic resources.  The most conservation relevant measure of biodiversity is 
difficult to define: ecosystem diversity, genetic diversity, taxonomic diversity and 
evolutionary distinctiveness are all candidates but given data constraints most studies use 




a measure of species richness with a measure of species endemism. Endemism captures 
rarity, which is clearly of conservation relevance in addition to species richness. 
 
	 	 Species	Richness	
   We use the IUCN sampled redlist extent of occupancy (EOO) data 
for amphibians (IUCN, 2008), mammals (IUCN, 2008b), reptiles (IUCN, 2010) and birds 
(Birdlife, 2012) and calculate a measure of richness (total number of sampled species within 
each 10km ) combining all sampled species.  We would have liked to incorporate similar 
data for plants but these data are not in the public domain. 
 
	 	 Endemism	Richness	
Kier and Barthlott (2001) define endemism richness as the “specific contribution of an area 
to global biodiversity”. Since it accounts for range size rarity, it is potentially a better 
measure of conservation value than species richness. The contribution of a specific area to 
the global species inventory is known as its C-value. For the 10 by 10 km (native) raster 
grids used here the C-value of a pixel for a given species was calculated as 1/G, where G 
is the global range size (i.e. the number of pixels in which the species occurs). Thus where 
species have a large range, the C-value is low, and where their range is restricted, the C-
value is high and endemism richness of a site is thus the sum of C-values for all the species 
for which data are available. The species and endemism richness metrics are both 
normalised and then combined into a single biodiversity metric. 
	 PRESSURE	
Current pressure of human activity is calculated according to the mean of normalised 
values for recent land use change (luc), human population density (pop,Landscan, 2007) , 
fire frequency calculated from 10 years of the MODIS burned area product (firefreq, 
Mulligan, 2010), grazing intensity for both wildland and managed grazers (grazing, Wint 
and Robinson, 2007), agricultural intensity for pastures and croplands (ag, Ramankutty, 
2008), dams (dams, Mulligan et al., 2011) and infrastructure (infra, upstream dams and 
local mines, oil and gas, urban areas and roads).  Recent land use change is calculated 
as having occurred where either MODIS VCF 2010 (Townsend et al., 2011) is more than 
40% lower than MODIS VCF 2000 (Hansen et al., 2006) in the majority of pixels in a 
square window of 3 pixels around each cell or where MODIS terra-i3 data indicates land 
use change.  Pressure is then calculated as the mean of each of these factors. This is 
multiplied by the user-defined prioritisation weight for pressure (FWp), which defaults to 1. 
 
P=(luc+pop+firefreq+grazing+ag+dams+infra)/7.0)*SWp    (eq. 9) 
 
	 THREAT	
In addition to current pressure, conservation priority also depends on how such pressure 
may change into the future, i.e. threat.  We calculate threat according to planned 
infrastructure (plan), presence of resources (res), relative accessibility from towns of 
50,000 population (acc, Uchida and Nelson, 2009), relative proximity to the recently 






relative projected change in GDP and population between 1990 and 2025 (gdpch, 
CIESIN, 2002), relative projected change in climatic temperature (tempch) and 
precipitation (precch) to the 2050s (for IPCC SRES A2a ensemble mean of 17 GCMs) and 
the relative current distribution of night-time light intensity (lights) as an indicator of 
otherwise undefined threats (Elvidge et al., 1997).  We use global maps of mining and oil 
and gas concessions derived from multiple national and international sources alongside a 
global map of planned roads derived from multiple sources to define areas where 
infrastructural change is planned or likely.  As an indicator of the availability of resources, 
we include near global coal bearing areas (Tewalt et al., 2008; Merrill et al., 2008), all 
mineral deposits (USGS, 2011), mean suitability for 48 crops (low inputs) and mean 
suitability for 48 crops (high inputs).  All of these factors are normalised and combined into 
a single metric which is then multiplied by the user-defined prioritisation weight for threat 
(FWt) which defaults to 1. 
 
T = ((plan+res+acc+proxdefor+gdpch+popch+tempch+precch+lights)/9)*FWt (eq. 10) 
	 SUMMARY	METRICS	
 In addition to the bundled ecosystem service, biodiversity, pressure, threat and 
delphic metrics we calculate a series of compound metrics that define overall conservation 
and development priority:  
(a) Relative aggregate nature conservation priority index (potential services) captures 
pressured and threatened conservation priority areas with high potential service provision.  
These areas may not be important in providing realised services now, but have the potential 
to do so.  This is calculated as the mean of  metrics for threat, pressure, the potential 
ecosystem services, biodiversity and delphic conservation priority, each weighted by the 
analyst-defined service or factor weight, all of which default to 1.0  It is masked for rural 
areas only as many of the ecosystem services calculated are of little relevance to urban 
contexts. 
(b) Relative aggregate nature conservation priority index (realised services) captures 
pressured and threatened high biodiversity areas with high realized ES provision.  These 
are high priority and also important in providing services that are realised now.  This is 
calculated as the mean of the metrics for  threat, pressure, the realised ecosystem services, 
biodiversity and delphic conservation priority, each weighted by the analyst-defined service 
or factor weight, all of which default to 1.0.  It is masked for rural areas only as many of the 
ecosystem services calculated are of little relevance to urban contexts. 
(c) Relative aggregate development priority index (potential services) captures already 
pressured areas with low conservation priority and potential service provision.  These areas 
are suitable for development since they are already pressured and not likely to provide 
ecosystem services into the future (if potential services are low then realised services will 
also be low) and they are also of low conservation priority.  This metric is calculated as the 
mean of pressure and the inverse of biodiversity, delphic priority and potential services, all 
weighted for user-defined factor and service weights, which default to 1.0.  Where 
conservation priority is low and pressure is high, development priority will be high. 
(d)  Relative aggregate development priority index (realised services) captures pressured 
areas with low conservation priority and realised service provision.  These areas are again 
suitable for development on the basis of existing high pressure and low conservation priority 




using the realised ecosystem service metric.  Realised ecosystem service provision may be 
low because potential provision is low or because there are few people nearby or 
downstream to benefit from the provided services.  This metric should therefore be used 
with caution because further development of low realised ecosystem .service areas implies 
growth in human population and infrastructure nearby which will increase realized 











178.155 Use:   | ecoengine for: costingnature v.2 [.48dev] [non-commercial use] | Help | Disclaimer | 
	
You are storing a total of 9 runs (baselines and alternatives) at different spatial resolutions across all PSS from a maximum 
of 9 
If you are experiencing problems with the system then delete all old runs using the next link as some may no longer be 
compatible with the system 
Delete all runs (including current) from all PSS 
 
Delete runs older than 1 day old from all PSS 
 
Delete runs older than 1 week old from all PSS 
 
Here is a list of previous baseline runs of type tiled/1-square-km and origin leozurita_gmail.com.Click the relevant 






SimTerra tile number: __10__12.corr.map.gz 
Baseline run: brasil 
username : leozurita_gmail.com 
runname : brasil 
model_version : 2.[.48dev] 
runtype : tiled/1-square-km 
bbox_north : -0.0 
bbox_south : -10.0 
bbox_west : -70.0 
bbox_east : -60.0 
date_created : (2014, 2, 19) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_ma
ps : 0 
current_moi : popct_landsc 
current_aois :  
current_zoi :  
 
 Centre coordinates: -5.0,-65.0 
Choose this baseline 









SimTerra tile number: __9__11.corr.map.gz 
Baseline run: col 
username : leozurita_gmail.com 
runname : col 
model_version : 2.[.48dev] 
runtype : tiled/1-square-km 
bbox_north : 10.0 
bbox_south : 0.0 
bbox_west : -80.0 
bbox_east : -70.0 
date_created : (2014, 1, 9) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_maps 
: 0 
current_moi : popct_landsc 
current_aois :  
current_zoi :  
 
 Centre coordinates: 5.0,-75.0 
Choose this baseline 










SimTerra tile number: __11__11.corr.map.gz 
Baseline run: pe 
username : leozurita_gmail.com 
runname : pe 
model_version : 2.[.48dev] 
runtype : tiled/1-square-km 
bbox_north : -10.0 
bbox_south : -20.0 
bbox_west : -80.0 
bbox_east : -70.0 
date_created : (2014, 1, 26) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_ma
ps : 0 
current_moi : popct_landsc 
current_aois :  
current_zoi :  
 
 Centre coordinates: -15.0,-75.0 
Choose this baseline 









SimTerra tile number: __11__12.corr.map.gz 
Baseline run: boliv 
username : leozurita_gmail.com 
runname : boliv 
model_version : 2.[.48dev] 
runtype : tiled/1-square-km 
bbox_north : -10.0 
bbox_south : -20.0 
bbox_west : -70.0 
bbox_east : -60.0 
date_created : (2014, 1, 7) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_ma
ps : 0 
current_moi : popct_landsc 
current_aois :  
current_zoi :  
 
 Centre coordinates: -15.0,-65.0 
Choose this baseline 









SimTerra tile number: __10__11.corr.map.gz 
Baseline run: ec 
username : leozurita_gmail.com 
runname : ec 
model_version : 2.[.48dev] 
runtype : tiled/1-square-km 
bbox_north : -0.0 
bbox_south : -10.0 
bbox_west : -80.0 
bbox_east : -70.0 
date_created : (2013, 11, 13) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_ma
ps : 0 
current_moi : popct_landsc 
current_aois : unknown 
current_zoi : oil1011zip 
 
 Centre coordinates: -5.0,-75.0 
Choose this baseline 















SCENARIO FOR ECOSYSTEM SERVICES PRIORITISATION   
 
Stack 0 | Variable Value 
Name for my policy option EcoSer 
Weighting for realised/potential ES (fraction) 3.57143 
Weighting for biodiversity (fraction) 0.357143 
Weighting for conservation priority (fraction) 0.357143 
Weighting for pressure (fraction) 0.357143 
Weighting for threat (fraction) 0.357143 
where Study area (Hydrosheds) 
is >= 
this value: 0 
Show policy option Show baseline and scenario   




SCENARIO FOR CONSERVATION PRIORITISATION   
 
Stack 0 | Variable Value 
Name for my policy option Cons 
Weighting for realised/potential ES (fraction) 0.217391 
Weighting for biodiversity (fraction) 2.17391 
Weighting for conservation priority (fraction) 2.17391 
Weighting for pressure (fraction) 0.217391 
Weighting for threat (fraction) 0.217391 
where Study area (Hydrosheds) 
is >= 
this value: 0 
Show policy option Show baseline and scenario   









SCENARIO FOR PRESSURE AND THREAT PRIORITISATION   
 
 
Stack 0 | Variable Value 
Name for my policy option PresThre 
Weighting for realised/potential ES (fraction) 0.217391 
Weighting for biodiversity (fraction) 0.217391 
Weighting for conservation priority (fraction) 0.217391 
Weighting for pressure (fraction) 2.17391 
Weighting for threat (fraction) 2.17391 
where Study area (Hydrosheds) 
is >= 
this value: 0 
Show policy option Show baseline and scenario   







LIST OF PARAMETERS USED BY WATERWORLD POLICY SUPPORT TOOL, PROVIDED BY THE 
SIMTERRA DATABASE, EXTRACTED FROM THE POLICY SUPPORT SYSTEM   
(www.policysupport.org/waterworld) 
Module and map name  Layer name                                                         page 1 of 4 
37, ueatmp4 (map)  Air temperature April  
41, ueatmp8 (map)  Air temperature August  
34, ueatmp12 (map)  Air temperature December  
35, ueatmp2 (map)  Air temperature February  
31, ueatmp1 (map)  Air temperature January  
40, ueatmp7 (map)  Air temperature July  
39, ueatmp6 (map)  Air temperature June  
36, ueatmp3 (map)  Air temperature March  
38, ueatmp5 (map)  Air temperature May  
33, ueatmp11 (map)  Air temperature November  
32, ueatmp10 (map)  Air temperature October  
42, ueatmp9 (map)  Air temperature September  
247, watb_wc (map)  Annual water balance (MODIS-WorldClim)  
8, blwind4 (map)  Boundary layer wind direction April  
12, blwind8 (map)  Boundary layer wind direction August  
5, blwind12 (map)  Boundary layer wind direction December  
6, blwind2 (map)  Boundary layer wind direction February  
2, blwind1 (map)  Boundary layer wind direction January  
11, blwind7 (map)  Boundary layer wind direction July  
10, blwind6 (map)  Boundary layer wind direction June  
7, blwind3 (map)  Boundary layer wind direction March  
9, blwind5 (map)  Boundary layer wind direction May  
4, blwind11 (map)  Boundary layer wind direction November  
3, blwind10 (map)  Boundary layer wind direction October  
13, blwind9 (map)  Boundary layer wind direction September  
216, cellarea (map)  Cell area  
117, modisclddjf (map)  Cloud frequency (DJF)  
118, modiscldjja (map)  Cloud frequency (JJA)  
119, modiscldmam (map)  Cloud frequency (MAM)  
120, modiscldson (map)  Cloud frequency (SON)  
134, mcloud0-6 (map)  Cloud frequency 00:00-06:00 hrs  
137, mcloud6-12 (map)  Cloud frequency 06:00-12:00 hrs  
135, mcloud12-18 (map)  Cloud frequency 12:00-18:00 hrs  
136, mcloud18-24 (map)  Cloud frequency 18:00-24:00 hrs  
128, mcloud4 (map)  Cloud frequency April  




Module and map name  Layer name                                                         page 2 of 4 
125, mcloud12 (map)  Cloud frequency December  
126, mcloud2 (map)  Cloud frequency February  
122, mcloud1 (map)  Cloud frequency January  
131, mcloud7 (map)  Cloud frequency July  
130, mcloud6 (map)  Cloud frequency June  
127, mcloud3 (map)  Cloud frequency March  
129, mcloud5 (map)  Cloud frequency May  
124, mcloud11 (map)  Cloud frequency November  
123, mcloud10 (map)  Cloud frequency October  
133, mcloud9 (map)  Cloud frequency September  
159, vcfbare2000 (map)#  Cover of bare ground (Landsat)  
156, vcfbare2000 (map)#  Cover of bare ground (MODIS 2000)  
153, vcfbare2000 (map)  Cover of bare ground (MODIS 2010)  
160, vcfherb2000 (map)#  Cover of herb-covered ground (Landsat) 
154, vcfherb2000 (map)  Cover of herb-covered ground (MODIS)  
157, vcfherb2000 (map)#  Cover of herb-covered ground (MODIS)  
161, vcftree2000 (map)#  Cover of tree-covered ground (Landsat) 
155, vcftree2000 (map)  Cover of tree-covered ground (MODIS)  
158, vcftree2000 (map)#  Cover of tree-covered ground (MODIS)  
248, cropdisc (map)  Cropland (MODIS)  
209, crop2000 (map)  Croplands (2000)  
180, wcdtr4 (map)  Daily temperature range April  
184, wcdtr8 (map)  Daily temperature range August  
177, wcdtr12 (map)  Daily temperature range December  
178, wcdtr2 (map)  Daily temperature range February  
174, wcdtr1 (map)  Daily temperature range January  
183, wcdtr7 (map)  Daily temperature range July  
182, wcdtr6 (map)  Daily temperature range June  
179, wcdtr3 (map)  Daily temperature range March  
181, wcdtr5 (map)  Daily temperature range May  
176, wcdtr11 (map)  Daily temperature range November  
175, wcdtr10 (map)  Daily temperature range October  
185, wcdtr9 (map)  Daily temperature range September  
211, damid1k (map)  Dams  
29, hysh1kdem (map)  Elevation (Hydrosheds)  
269, glacier_we (map)  Glacier water equivalent (mm)  
224, grandkm2 (map)  GRanD reservoir area  
225, grand_id (map)  GRanD reservoir ID  
218, lake_ids (map)  Lakes  
152, lddhysh1k (map)  Local drainage direction (Hydrosheds) 
275, man_graz2005 (map)  Managed grazers (2005)  




Module and map name  Layer name                                                         page 3 of 4 
74, wcprec4 (map)  Mean monthly precipitation April  
78, wcprec8 (map)  Mean monthly precipitation August  
71, wcprec12 (map)  Mean monthly precipitation December  
72, wcprec2 (map)  Mean monthly precipitation February  
68, wcprec1 (map)  Mean monthly precipitation Jan-Dec 
77, wcprec7 (map)  Mean monthly precipitation July  
76, wcprec6 (map)  Mean monthly precipitation June  
73, wcprec3 (map)  Mean monthly precipitation March  
75, wcprec5 (map)  Mean monthly precipitation May  
70, wcprec11 (map)  Mean monthly precipitation November  
69, wcprec10 (map)  Mean monthly precipitation October  
79, wcprec9 (map)  Mean monthly precipitation September  
99, wctmean4 (map)  Mean monthly temperature April  
103, wctmean8 (map)  Mean monthly temperature August  
96, wctmean12 (map)  Mean monthly temperature December  
97, wctmean2 (map)  Mean monthly temperature February  
93, wctmean1 (map)  Mean monthly temperature Jan-Dec 
102, wctmean7 (map)  Mean monthly temperature July  
101, wctmean6 (map)  Mean monthly temperature June  
98, wctmean3 (map)  Mean monthly temperature March  
100, wctmean5 (map)  Mean monthly temperature May  
95, wctmean11 (map)  Mean monthly temperature November  
94, wctmean10 (map)  Mean monthly temperature October  
104, wctmean9 (map)  Mean monthly temperature September  
20, gmslp4 (map)  Mean sea level pressure April  
24, gmslp8 (map)  Mean sea level pressure August  
17, gmslp12 (map)  Mean sea level pressure December  
18, gmslp2 (map)  Mean sea level pressure February  
14, gmslp1 (map)  Mean sea level pressure January  
23, gmslp7 (map)  Mean sea level pressure July  
22, gmslp6 (map)  Mean sea level pressure June  
19, gmslp3 (map)  Mean sea level pressure March  
21, gmslp5 (map)  Mean sea level pressure May  
16, gmslp11 (map)  Mean sea level pressure November  
15, gmslp10 (map)  Mean sea level pressure October  
25, gmslp9 (map)  Mean sea level pressure September  
206, initial_swe (map)  Mean snow water equivalent  
m_concess (map)  Mining concessions 
223, water_mask (map)  MODIS water mask  
og_concess (map)  Oil and gas concessions 
210, past2000 (map)  Pastures (2000)  




Module and map name  Layer name                                                         page 4 of 4 
201, popct_landsc (map)  Population (Landscan)  
252, sres_p_2025 (map)  Population projection (SRES B2)  
253, sres_p_1990 (map)  Population projection (SRES B2)  
207, all_mines1k (map)  Presence of mines  
208, oilandgas1k (map)  Presence of oil and gas wells  
30, wdpa (map)  Protected areas (UNEP-WCMC WCPA) 2012  
61, uearh4 (map)  Relative Humidity April  
65, uearh8 (map)  Relative Humidity August  
58, uearh12 (map)  Relative Humidity December  
59, uearh2 (map)  Relative Humidity February  
55, uearh1 (map)  Relative Humidity January  
64, uearh7 (map)  Relative Humidity July  
63, uearh6 (map)  Relative Humidity June  
60, uearh3 (map)  Relative Humidity March  
62, uearh5 (map)  Relative Humidity May  
57, uearh11 (map)  Relative Humidity November  
56, uearh10 (map)  Relative Humidity October  
66, uearh9 (map)  Relative Humidity September  
187, roads1k (map)  Roads (GAUL)  
151, clone (map)  Study area (Hydrosheds)  
80, sumrain (map)  Total annual precipitation  
205, murban_500 (map)  Urban Areas  
226, swbd1k (map)  Water bodies (SWBD)  
217, wetlands (map)  Wetlands including lakes, rivers and reservoirs  
276, wildgr_2005 (map)  Wildland grazers headcount (2005)  
49, ueawnd4 (map)  Wind speed April  
53, ueawnd8 (map)  Wind speed August  
46, ueawnd12 (map)  Wind speed December  
47, ueawnd2 (map)  Wind speed February  
43, ueawnd1 (map)  Wind speed January  
52, ueawnd7 (map)  Wind speed July  
51, ueawnd6 (map)  Wind speed June  
48, ueawnd3 (map)  Wind speed March  
50, ueawnd5 (map)  Wind speed May  
45, ueawnd11 (map)  Wind speed November  
44, ueawnd10 (map)  Wind speed October  






WATERWORLD/AGUAANDES MODEL DOCUMENTATION 
VERSION 1 MODULES 	
	
This section describes the science, equations and assumptions behind the modules and 
submodules used.  Version 1 of AguAAndes/Waterworld is a sophisticated model of spatial water 
balance which has been developed for data poor and spatially complex and heterogeneous 
environments.  The model includes modules for distribution of rainfall through interaction with wind, 
occult precipitation through fog inputs, solar radiation receipt, potential and actual 
evapotranspiration on the basis of climate and vegetation cover, water balance and its cumulation 
downstream as runoff.  There is also a simple model for soil erosion.  The model requires some 140 
inputs maps (all of which are provided with the system, globally) and calculates monthly and annual 
hydrological variable including water balance, runoff and soil erosion for a baseline representing 
year 2000 land cover and mean 1950-2000 climate.  Users can run scenarios for climate change 
and land use change and examine the impact of these on hydrological ecosystem services including 
water quality and seasonality.  Given the lack of global data on groundwater resources 
AguAAndes/Waterworld does not simulate subsurface hydrological processes associated with flows 






True surface areas (as opposed to planimetric areas) are calculated with the triangle method 
(Jenness, 2004). These are important for the accurate representation of surface area in montane 




Tree, herb and bare percentages from MODIS VCF are converted to fractions 
 
Timesteps 
The model  iterates between four diurnal and 12 mensual timesteps (4 in each month) for a total of 
48 timesteps for a complete run. 
 
Input climate data 
Key assumption : Winds bend around topography, taking the path of least resistance. It is sufficient 
to model these changes in direction without accounting for concentration (funnelling effects) 
 
Wind directions are read and converted to the appropriate topographically affected wind direction  by 
reading the appropriate wind direction file. Based on this wind direction, the appropriate TOPEX 
value is read from the topex files. Note that the wind direction file BLWind mis the directions that 
wind is going to whereas in the delivery model windspeeds are specified as directions that wind is 
coming from.  Relative humidity, temperature, diurnal temperature range, wind speed precipitation 
and extraterrestrial solar radiation are read from the appropriate files. 
 
Input cloud cover data for time of day and season 
Key assumption : The MODIS data represents well the pattern of atmospheric cloud, where 




base), this cloud is likely to be present at ground level.  MODIS derived cloud cover is read with the 
overall annual average value modified by seasonal and diurnal correction factors. 
 
Temperature, dewpoint and liquid water content 
Key assumption: Cloud liquid water content is proportional to absolute atmospheric 
humidity. 
Temperature is modified according to the diurnal temperature range as follows: 
 
Tmp=if(Hour eq 1 then Tmp-(0.25*DiurnalTRange) else 
 if(Hour eq 2 then Tmp else 
 if(Hour eq 3 then Tmp+(0.25*DiurnalTRange) else 
 if(Hour eq 4 then Tmp 
  )))) 
 




Tmp = temperature (C) 
Es = saturated vapour pressure (mb) 
RH = relative humidity (%) 
E = vapour pressure (mb) 
 
Air density and absolute humidity are calculated as: 
AirDensity=(MSLP*100)/((Tmp+273.15)*287) 
Where 
AirDensity = kg/m3 
 
whereby LWC varies linearly with AH under the assumption that the maximum AH 
observed at any one time is equivalent to the usually observed maximum LWC 
(0.0002 kg m3). Such a simplification is necessary because conversion of AH to 
LWC is complex depending on cloud condensation nuclei and cloud physics. 
 
 





Td = Celsius 
 
Lifting condensation level 





Newtemp = ground temperature (C) 
The first part of Equation 10 produces the LCL in mb and the second part in masl 
 
MSLP = mean sea level pressure (mb) 





Ground level cloud (fog) occurrence 





fog=scalar(Dem gt lcl) 
where: 
Dem = elevation (m) 
 
Fog settling 
Key assumption : That fog settling occurs under calm conditions and upwards fog turbulent diffusion 
is limited compared with this downward flux. Fog settling velocity is calculated according to Stokes 




where 7.5 = fog droplet size in um 
 
Forest edges 
Key assumption : That forest edges are important and can be respresented as catching surfaces. 
That, as in the Chiquito, there is a random directionality of forest edges. 
Forest is given an one sided LAI=3 and pasture LAI=2 
Forest edges are calculated according to the tree fractional cover as : 
 






So, that the empirical equation derived from Figure 59 (Mulligan and Burke, 2005) provides the 
fractional forest edge length on the basis of tree fractional cover, this is converted to an actual length 
based on the cellsize of the grid compared with the original landsat grid. The fraction of exposed 
emergent trees is calculated as a 5% fractional of the area covered by tree. The division by four 
accounts for the fact that only one edge of a grid cell will face a wind from a particular direction. 
 
Sedimentation surface area 
Key assumption : That the whole unshaded (one sided) leaf surface area is available for 
sedimentation (deposition) 
 






Fractional trapping areas for forest and pasture are calculated first (on the basis of leaf self  shading). 
These are then multiplied by the fractional covers of tree and pasture for the grid cell and the available 
LAI. 
 
Wind speeds modified for exposure: 
Key assumption : The empirical parameters determined by Ruel (from wind tunnel studies) are 
representative. Exposure can be measured effectively from a DEM.  Wind speeds are now modified 
for local wind direction dependent exposure using an approach modified from Ruel et al. (2002): 
 
TanRainfallInclination=if(Prec gt 0 then windspd/DropTermVeloc else 0) 
WindSlopeCorrectionfactor=if(Prec gt 0 then 1+Grad*TanRainfallInclination*cos(AspectDeg-




Prec = monthly precipitation (mm) 




AspectDeg = slope aspect (o) 
WindDirDeg = wind direction (o) 
 
Impaction fluxes 
Key assumption : The windspeed reductions within forest and rough pasture measured at the 
FIESTA sites are generally representative 
 
Fluxes of fog available for impaction are now calculated. The model has no spatial memory or 
budgeting of fog so fog passing through a forest is not necessary depleted along the flowpath 
–  rather the model assumes that there is limitless availability of fog from the near surface atmosphere 
(when and where fog is present) thus no budget of atmospheric moisture is maintained. Impaction 





Wind speed at the grid scale is assumed unaffected by passing through occasional emergents. 1.5 
is the average height of emergents above the surrounding canopy (1.5m). 
 
Finally the amount of water passing pasture is calculated using the correction for observed wind 
speeds at pasture heights and the height of pasture assumed to be 0.5 m. A fog inclination angle for 
fog inputs over forest and pasture is calculated, based on their respective wind speeds. A vertical 
flux is calculated as the fog settling velocity over the whole cell surface area (rather than any vertical 
catching surfaces). The proportion of fog inputs that are deposited rather than impacted depends 











Vegetation areas for fog interception 
Key assumption : Fog impaction occurs to all non shaded leaves according to the geometrical 
relationships between the angle of incoming fog (wind speed dependent) and the leaf area. Impaction 
only occurs on windward forest edges whereas fog passes over forest canopies or falls as 
sedimentation on leeward (topographically sheltered) forests. 
Next the actual intercepting area of vegetation for fog is calculated because this will be combined 
with the previously calculated fog fluxes in order to calculate the fog interception. Surface areas for 
interception depend upon the leaf area density of the vegetation and the angle of incoming fog 








First the forest trapping surface area is calculated as the self shaded area of leaves exposed to fog 
droplets arriving at a particular angle (for the tree fraction of the cell). Pasture trapping surface area 
is calculated in a similar way (also according to pasture leaf area density and observed wind speeds). 
The impaction fraction is the fraction of the total potential impaction fluxes (to emergents, to edges 
and to grassland) that is trapped and so depends on the calculated forest trapping surface area. 
Importantly impaction only occurs in the model when air is rising because the model assumes that 




in the leeward, more sheltered situations slopes, the parameter air rising is true for situation where 
upwind elevations are greater than the downwind cell. 
 
 
Ratio of impaction to sedimentation 
Key assumption: the balance between impaction and deposition depends upon the fluxes of water, 
the tendency towards lateral or vertical flow and the intercepting= areas for horizontal and vertical 
fluxes. 
 
The proportional flux that will be deposited compared with that that will be impacted is calculated as: 
 
DeposInterc=fog*(SettlingFlux*DeposProportion)*DepositionFrac;#kg/hr/cell total checked 
ImpactionInterc=fog*(ImpactionFlux*ImpactionProportion)*ImpactionFrac 
 
where the ‘flux’ is the volume of water passing by the representative surface area, the ‘frac’ is the 
fraction of that surface area that will intercept fog and the ‘proportion’ is the proportion of the flux that 
is horizontal and vertical (dependent of the balance between local horizontal wind speed and settling 
velocity).The parameter ‘fog’ denotes areas above the LCL for that timestep so where there is no fog 
there will be no fog flux. The units of FogInterc, DeposInterc and ImpactionInterc are kg/m2/hr. They 
are converted to mm/hr and multiplied by the cloud frequency to take account of 




Monthly total fluxes are the cumulation of the four monthly diurnal; fluxes and the 144 simulation 






Radiation receipt and correction for cloud and fog 
Key assumption : The radiation reductions observed under cloud and fog at the FIESTA sites 
(Mulligan and Burke, 2005) are representative for other sites also. 
Extra terrestrial radiation receipts are now converted to ground level radiation receipts by correction 
for dimming due to the presence cloud and fog using: 
 





The empirical parameters for the effect of fog and cloud on radiation receipts were taken from the 
analysis of the hourly radiation dataset for the pasture site. In particular the measured radiation was 
compared with modelled extraterrestrial radiation for a the 1m pasture site pixel in which the weather 
station sits (Mulligan and Burke, 2005). The difference between modelled extraterrestrial and 
received land surface radiation by hour is a function of the transmission losses by cloud and fog. 
Thus these transmission losses were grouped according to those periods where the pasture site fog 
gauges were recording fog and those when they were not. This enabled the calculation of a mean 
transmission loss under cloudy conditions (no fog but Rmeas<<Rmodel) and foggy conditions (fog 
present and Rmeas<<Rmodel). Data were also analysed for clear conditions because the station 
recorded slightly lower values than the modelled values possibly because of more humid atmosphere 







Key assumption : The solar to net radiation conversion functions measured under forest and 






Again, the empirical constants for the simple linear regression of net with solar radiation for sensors 
above a forest and a pasture cover. 
 
Intercepted energy fractions 
Key assumption: That evapotranspiration is effectively modelled at this coarse spatial and temporal 
scale from consideration of energy availablility and atmospheric demand for water only. Leaf area is 
sufficient to represent plant processes and aerodynamic resistances can safely be ignored. 
 
For simplicity and parsimony the model does not account for stomatal behaviour but rather defines 
the evapotranspiration differences between forest and pasture to be a function of the radiation 







Thus the overall intercepted energy for ET is the sum of energy intercepted by tree leaves and by 
pasture in the grid cell. 
 
Evapo-transpiration 
Key assumption: Water availability is less significant in determining evapotranspiration than energy 
available.  
Evapo-transpiration is calculated on the basis of the energy available (the net radiation received) and 
the surface area available for transpiration and wet canopy evaporation. Because of the time and 
space scales used surface, soil and wet canopy water balances were not possible so a water 
availability term could not be added to the model. Since available surface area (LAI) is a good 
surrogate for the availability of water through transpiring stomata or wet canopy evaporation, this 
was used here. 
 






PotEvap=if(PotEvap gt 0 then (PotEvap/2.45) else 0) 
 
ActEvap=if(PotEvap gt 0 then PotEvap*EtFrac else 0) 
 
where: 
Newtemp = air temperature (C) 
Ea = vapour pressure (KPa) 
SlopeSatCurveK= slope of the saturation vapour pressure curve (KPaC) 
NetMap = Net radiation receipt (W/m2) 
2.45 = latent heat of vapourisation of water (MJ/kg) 
 
Thus evaporation is calculated on the basis of available energy and atmospheric demand to give 
potential evaporation and this is then combined with the non self shaded surface area available for 
the interception of radiation/evaporation of water to give something closer to actual evaporation, 





SUBMODULE: Water Balance 
 
Water balance calculation 
Key assumption : at these time and space scales losses to canopy, soil and groundwater are much 
less significant than the fluxes of rainfall and evapotranspiration.  Precipitation is converted to mm/hr 






VERSION 2 MODULES 
Version 2 of AguAAndes/WaterWorld is still in development and beta testing with a small group of 
users.  It builds upon version 1 by adding components for soil transportation and deposition to the 
soil erosion equations of version 1.  Version 2 also adds an energy balance based snow & ice 
module, some changes to the way evapotranspiration is handled and a module for the spatial 
distribution of water quality.  As well as the climate and land use change scenarios and policy options 
available for application in version 1, version 2 also incorporates modules for understanding the 
impact of land and water management interventions including bench terraces, fanya juu/bari 
terracing, check dams and existing or new reservoir dams. 
 
MODULE: SOIL EROSION, DEPOSITION AND TRANSPORTATION 
 
Full wash erosion, transportation and sedimentation model 
Erosion according to Thornes (1990), E=kQmSne-0.07Vc 
Transport capacity (Tc) according to stream power (Q, slope). 
Sediment transport (S)=min (sediment from upstream+local erosion, P) 
Sediment deposition where S>P 
 
MODULE: SNOW AND ICE 
 
Snow and ice model 
Initial monthly snow cover according to MODIS 
New snow is precipitation where T<<0 
Full energy balance for snow accumulation and melting (after Walter et al. 2005) 
MODULE: WATER QUALITY 
Water quality (human footprint on water) 
Calculates the % of water at a point which fell as rain on point and non-point potential sources of 
contamination upstream 
MODULE: LAND AND WATER MANAGEMENT 
Land uses - as well as land use being defined by the cover of Tree, Herb and Bare functional 
types, land use can also be defined by the land use type which can be one of Pasture, Cropland, 
Natural, Protected, Mining, Roads, Urban, Oil and gas.  These types affect the water quality 
indices.  The initial values for these covers are set according to available input maps but the covers 
can be changed with the land cover and change policy options. 
 
Land use intensities - each land use has an associated intensity of use.  This intensity is set to 
1.0 by default for all land uses.  The intensity value can be changed in order to reduce intensity (for 






WATERWORLD RUNS FOR BASELINE AND SCENARIOS WITHIN THE PSS  
(www.policysupport.org/waterworld)  
	
Here is a list of previous baseline runs of type tiled/1-square-km and origin leozurita_gmail.com. 
 
SimTerra tile number: __9__11.corr.map.gz 
Baseline run: col 
username : leozurita_gmail.com 
runname : col 
model_version : 2.[.91dev] 
runtype : tiled/1-square-km 
bbox_north : 10.0 
bbox_south : 0.0 
bbox_west : -80.0 
bbox_east : -70.0 
date_created : (2014, 2, 25) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_maps : 0 
current_moi : popct_landsc 
current_aois : m_concess 
current_zoi : ogconcesszip 
 
 
 Centre coordinates: 5.0,-75.0 
Choose this baseline 
Delete this baseline (and associated alternatives) 
 
 
Alternatives for col: 
View run details Choose run Delete run 






SimTerra tile number: __10__11.corr.map.gz 
Baseline run: ec 
username : leozurita_gmail.com 
runname : ec 
model_version : 2.[.91dev] 
runtype : tiled/1-square-km 
bbox_north : -0.0 
bbox_south : -10.0 
bbox_west : -80.0 
bbox_east : -70.0 
date_created : (2014, 2, 27) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_maps : 0 
current_moi : popct_landsc 
current_aois :  
current_zoi : ogconcesszip 
 
 
 Centre coordinates: -5.0,-75.0 
Choose this baseline 
Delete this baseline (and associated alternatives) 
 
 
Alternatives for ec: 
View run details Choose run Delete run 







Here is a list of previous baseline runs of type tiled/1-hectare and origin leozurita_gmail.com. 
 
SimTerra tile number: _21_13_4_5.map.gz 
Baseline run: tiputini 
username : leozurita_gmail.com 
runname : tiputini 
model_version : 2.[.91dev] 
runtype : tiled/1-hectare 
bbox_north : -0.0 
bbox_south : -1.0 
bbox_west : -77.0 
bbox_east : -76.0 
date_created : (2014, 3, 7) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_maps : 0 
current_moi : popct_landsc 
current_aois : tipuB 
current_zoi : vcftree2000nonzeroszip 
 
 
 Centre coordinates: -0.5,-76.5 
Choose this baseline 
Delete this baseline (and associated alternatives) 
 
 
Alternatives for tiputini: 
View run details Choose run Delete run 






SimTerra tile number: _21_12_5_5.map.gz 
Baseline run: coello 
username : leozurita_gmail.com 
runname : coello 
model_version : 2.[.91dev] 
runtype : tiled/1-hectare 
bbox_north : 5.0 
bbox_south : 4.0 
bbox_west : -76.0 
bbox_east : -75.0 
date_created : (2014, 2, 22) 
run_period_begin :  
run_period_end :  
run_status : completed 
alternative : baseline 
database : baseline 
paramset : default 
data : prepared 
archive_status :  
write_timestep_maps : 1 
current_moi : popct_landsc 
current_aois : coellob 
current_zoi : mconcesszip 
 
 
 Centre coordinates: 4.5,-75.5 
Choose this baseline 
Delete this baseline (and associated alternatives) 
 
 
Alternatives for coello: 
View run details Choose run Delete run 
coellomining   Choose this run Delete this run 
 
